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We performed experiments between two different carbonated eclog-

ite-derived melts and lherzolite at 13758C and 3 GPa by varying the

reacting melt fraction from 8 to 50 wt %.The two starting melt com-

positions were (1) alkalic basalt with 11·7 wt % dissolved CO2

(ABC), (2) basaltic andesite with 2·6 wt % dissolved CO2

(BAC).The starting melts were mixed homogeneously with perido-

tite to simulate porous reactive infiltration of melt in the Earth’s

mantle. All the experiments produced an assemblage of meltþ ortho-

pyroxeneþ clinopyroxeneþgarnet� olivine; olivine was absent for

a reacting melt fraction of 50 wt % for ABC and 40 wt % for

BAC. Basanitic ABC evolved to melilitites (on a CO2-free basis,

SiO2 �27^39 wt %,TiO2 �2·8^6·3 wt %, Al2O3 �4·1^9·1wt
%, FeO* �11^16 wt %, MgO �17^21wt %, CaO �13^21wt

%, Na2O �4^7 wt %, CO2 �10^25 wt %) upon melt^rock reac-

tion and the degree of alkalinity of the reacted melts is positively

correlated with melt^rock ratio. On the other hand, reacted melts

derived from BAC (on a CO2-free basis SiO2 �42^53 wt %,

TiO2 �6·4^8·7 wt %, Al2O3 �10·5^12·3 wt %, FeO*

�6·5^10·5 wt %, MgO �7·9^15·4 wt %, CaO �7·3^10·3 wt
%, Na2O�3·4^4 wt%, CO2�6·2^11·7 wt%) increase in alka-

linity with decreasing melt^rock ratio. We demonstrate that owing

to the presence of only 0·65 wt % of CO2 in the bulk melt^rock mix-

ture (corresponding to 25 wt % BACþ lherzolite mixture), nepheli-

nitic-basanite melts can be generated by partial reactive

crystallization of basaltic andesite as opposed to basanites produced

in volatile-free conditions. Post 20% olivine fractionation, the

reacted melts derived from ABC at low to intermediate melt^rock

ratios match with 20^40% of the population of natural nephelinites

and melilitites in terms of SiO2 and CaO/Al2O3, 60^80% in

terms of TiO2, Al2O3 and FeO, and520% in terms of CaO and

Na2O. The reacted melts from BAC, at intermediate melt^rock

ratios, are excellent matches for some of the Mg-rich (MgO

415 wt %) natural nephelinites in terms of SiO2, Al2O3, FeO*,

CaO, Na2O and CaO/Al2O3. Not only can these reacted melts erupt

by themselves, they can also act as metasomatizing agents in the

Earth’s mantle. Our study suggests that a combination of subducted,

silica-saturated crust^peridotite interaction and the presence of

CO2 in the mantle source region are sufficient to produce a large

range of primitive alkalic basalts. Also, mantle potential tempera-

tures of 1330^13508C appear sufficient to produce high-MgO,

primitive basanite^nephelinite if carbonated eclogite melt and

peridotite interaction is taken into account.

KEY WORDS: alkalic basalts; carbonated silicate melt; MORB-eclog-

ite; peridotite; reactive infiltration

I NTRODUCTION
Intraplate oceanic basalts are one of the key tools to de-
cipher mantle processes. The variability displayed in their
trace element and isotopic characteristics indicates the
presence of several heterogeneous domains in their source
(i.e. the Earth’s mantle) (Zindler & Hart, 1986; Hofmann,
1997). Because recycled, altered oceanic crust (MORB-
eclogite at upper mantle conditions) has been proposed to
be a major contributor to mantle heterogeneity (e.g.
Hofmann, 1988, 1997; Lassiter & Hauri, 1998; Stixrude &
Lithgow-Bertelloni, 2012), it is important to evaluate its
role in contributing to the genesis of oceanic basalts.
Based on their high 206Pb/204Pb ratio, it has been invoked
that HIMU (high-m) basalts [i.e. basalts that bear evi-
dence of high, time-integrated 238U/204Pb (m)] contain
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recycled oceanic crust in their source (e.g. Chase, 1981;
Hofmann & White, 1982; Hofmann, 1997).
Basalts with HIMU signatures are found to be alkalic

and Si-undersaturated (Kogiso et al., 1998; Jackson &
Dasgupta, 2008) and the compositions of such alkalic
magmas cannot simply be generated by varying the condi-
tions of melting of mantle peridotite (Dasgupta et al.,
2010). Furthermore, partial melting of a volatile-free
MORB-eclogite (subducted oceanic crust) alone does not
explain the genesis of such lavas, because the partial melts
are dacitic to basaltic and do not contain high enough
MgO and low enough SiO2 (Yaxley & Green, 1998;
Pertermann & Hirschmann, 2003; Spandler et al., 2008) to
serve as primary alkalic basalts. One may argue that be-
cause low-degree partial melting of peridotite produces
alkalic magmas, the contribution from recycled MORB-
eclogite needs to provide only the appropriate chemical
components; that is, MORB-eclogite should be responsible
only for supplying the necessary chemical enrichment that
drives the peridotite partial melts to match plausible pri-
mary alkali basalt compositions. However, some of those
necessary vectors such as low SiO2, low Al2O3, high CaO
and high FeO* also cannot be derived from MORB-
eclogite melting alone.
One key consideration, however, is that partial melts of

MORB-eclogite, entrained in the convective mantle, are
not likely to segregate and mix with peridotite partial
melts or erupt unmodified. Both volatile-free and carbon-
ate-bearing recycled oceanic crust begin to melt deeper
than volatile-free peridotite (Yasuda et al., 1994; Perter-
mann & Hirschmann, 2003; Spandler et al., 2008), thereby
creating a depth range over which MORB-eclogite-
derived partial melts may interact with subsolidus perido-
tite. The siliceous partial melts of MORB-eclogite, not
being in equilibrium with the surrounding mantle,
undergo reactive crystallization (Yaxley & Green, 1998;
Lambart et al., 2012; Mallik & Dasgupta, 2012). The recent
study of Mallik & Dasgupta (2012) investigated such a
melt^rock reaction in a volatile-free system to evaluate
how an MgO-poor, siliceous partial melt of MORB-eclog-
ite evolves upon reaction with a sub-solidus garnet lherzo-
lite, in variable ratio, in the uppermost part of the
convective mantle. At low melt^rock ratios it was observed
that siliceous MORB-eclogite-derived melts evolved to al-
kalic basalts in the porous flow regime with many major
element characteristics (high TiO2 and CaO; low SiO2

and Al2O3) similar to those of HIMU lavas; however, at
the experimental pressure^temperature conditions of this
study (i.e. at 3GPa and 1375^14408C) they were not low
enough in SiO2 and Al2O3 or high enough in FeO*, CaO
and CaO/Al2O3 to explain the compositions of many nat-
urally occurring basanites and nephelinites. Furthermore,
volatile-free eclogite melt^peridotite interactions (Mallik
& Dasgupta, 2012) at the base of the oceanic lithosphere

do not produce any melt compositions that are close to
silica-undersaturated basalts such as melilitites or nephel-
inites (Le Bas, 1989).
Based on the degree of silica-undersaturation required to

generate some of the alkalic basalts in general and HIMU
basalts in particular, the presence of CO2 in the source of
these magmas has been proposed by many previous ex-
perimental studies (e.g. Wyllie & Huang, 1976; Eggler,
1978; Wyllie, 1978; Spera, 1981; Hirose, 1997; Dasgupta
et al., 2006, 2007, 2010; Jackson & Dasgupta, 2008;
Gerbode & Dasgupta, 2010). The involvement of CO2 in
the formation of silica-poor ocean island basalt (OIB) is
also supported by the natural association of carbonatites,
carbonate minerals, and CO2-rich fluids and silica-poor
alkalic basalts and/or mantle xenoliths and has been
pointed out by many previous researchers (e.g. Dasgupta
et al., 2007, and references therein)
In previous experimental studies it has been observed

that the presence of CO2 in the source reduces the SiO2

and Al2O3 content and enhances the FeO*, CaO and
CaO/Al2O3 of peridotite-derived (Hirose, 1997; Dasgupta
et al., 2007) and eclogite-derived partial melts (Gerbode &
Dasgupta, 2010; Kiseeva et al., 2012) when compared with
their CO2-free counterparts. Although partial melts of car-
bonated peridotite, by themselves, are not sufficiently
enriched in TiO2 to explain most of the alkalic ocean
island basalts, partial melts of carbonated MORB-eclogite
fail to explain the high MgO and lowAl2O3 concentrations
required by most HIMU alkalic basalts, basanites and
nephelinites (Dasgupta et al., 2006; Gerbode & Dasgupta,
2010; Kiseeva et al., 2012; Fig. 1), which indicates the require-
ment of a peridotitic component (Dasgupta et al., 2007;
Jackson & Dasgupta, 2008). However, although low-degree
melting of carbonated, silica-excess eclogite (with coesite
present in the residue) yields highly siliceous (andesitic to
dacitic) melts, such melts may carry a modest concentration
of dissolved CO2 at equilibrium with immiscible carbonati-
tic melts (Hammouda, 2003; Kiseeva et al., 2012).
Therefore, reactive infiltration of MORB-eclogite-derived
partial melt into a peridotite matrix needs to be con-
strained not only under volatile-free conditions but also in
scenarios where such reactive process takes place in the
presence of CO2, or in other words where the reacting
eclogite partial melt is carbonated. Incidentally, all previ-
ous studies on partial melting of carbonated peridotite con-
sidered a direct flux of CO2 or carbonates on the partial
melting behavior not taking into account the possibility of
a ‘flux’ in the form of dissolved CO2 in an eclogite-derived
silicate melt. The difference in the two processes of CO2

flux to the peridotite may result in distinctly different equi-
librated melt compositions; however, no systematic studies
have been performed on the latter.
One of the key reactions that drive the composition of

dacitic or andesitic eclogitic melt undergoing partial
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reactive crystallization in a peridotite matrix is the con-
sumption of olivine and precipitation of orthopyroxene
(Yaxley & Green, 1998; Lambart et al., 2012; Mallik &
Dasgupta, 2012) as follows:

SiO2þ Fe,Mg
� �

2SiO4¼ Fe,Mg
� �

2Si2O6

meltð Þ olivineð Þ orthopyroxene
� � ð1Þ

Al2O3þ Fe,Mg
� �

2SiO4¼ Fe,Mg
� �

AlAlSiO6þ Fe,Mg
� �

O:
meltð Þ olivineð Þ orthopyroxene

� �
meltð Þ

ð2Þ

The presence of CO2 may critically affect these reac-
tions, because it is well known from the pioneering study
of Kushiro (1975) and documented by later studies by Brey
& Green (1975, 1977) that the stability of orthopyroxene is
enhanced at the expense of olivine at the liquidus of
primary basaltic melts. Thus, one may expect that the
presence of CO2 would cause enhanced crystallization of
orthopyroxene at the expense of olivine, driving the
reacted melt towards a more silica-depleted composition
as compared with its CO2-free counterpart. Similarly,
comparison of 3GPa melting reactions of CO2-free
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Fig. 1. Mg# vs SiO2 (wt %) and Al2O3 (wt %) concentrations in starting melt compositions ABC and BAC compared with experimentally
derived, volatile-free, MORB-eclogite partial melt compositions (Pertermann & Hirschmann, 2003; Spandler et al., 2008) and carbonated
MORB-eclogite partial melt compositions (Hammouda, 2003; Gerbode & Dasgupta, 2010; Kiseeva et al., 2012), natural oceanic and continental
alkalic basalts (references given in captions of Figs 12,14 and 15) and average HIMUcomposition (Jackson & Dasgupta, 2008). All compositions
are plotted on a volatile-free basis.
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peridotite partial melting (Walter, 1998) with those of
CO2-present peridotite partial melting (Dasgupta et al.,
2007) suggests that garnet stability is enhanced in a carbo-
nated system. If a similar effect is applicable during react-
ive crystallization of MORB-eclogite melt in lherzolite,
then the reacted melt may achieve a more alumina-
depleted composition through enhanced stability of garnet
and thus become a better candidate for primary alkalic
basalts. Hence the effect of CO2 during reactive infiltration
of siliceous MORB-melts into fertile peridotite could be
critical in generating many of the major element geochem-
ical features of strongly alkalic basalts. Nevertheless, the
phase equilibria of reactive infiltration of MORB-eclogite-
derived carbonated partial melt into a peridotitic medium
are unconstrained.
In this study we investigate the fate of MORB-eclogite-

derived, carbonated, partial melt upon reaction with vola-
tile-free subsolidus, fertile peridotite in the uppermost
part of the convective mantle (base of the lithosphere).
The experiments were performed at the same pressure^
temperature conditions as the recent study by Mallik &
Dasgupta (2012), to understand directly the effect of CO2

in such a melt^rock reaction scenario. We demonstrate
that infiltration of MORB-eclogite-derived, andesitic to
mildly alkalic carbonated basalts into peridotite causes
the reacted melts to evolve to nephelinitic-basanite to meli-
lititic compositions through crystallization of orthopyrox-
ene and garnet. We also show that such reacted melt
compositions are a better match for natural nephelinites,
nephelinitic basanites, and melilitites from oceanic and
continental provinces as compared with partial melts of
carbonated eclogite and carbonated peridotite, as well as
melts that are the product of reaction between a partial
melt of MORB-eclogite and subsolidus peridotite in a vola-
tile-free system.

EXPER IMENTAL TECHNIQUES
Starting materials
The MORB-eclogite-derived carbonated melts used in the
reaction couple with volatile-free, fertile peridotite are (1)
‘ABC’, which is an alkalic basalt similar to a 43% partial
melt of carbonated MORB-eclogite G2C used by
Gerbode & Dasgupta (2010) and contains 11·7wt % CO2,
and (2) ‘BAC’, which is a basaltic andesite with a similar
composition to G2PM1 used by Mallik & Dasgupta
(2012), when normalized on a volatile-free basis. BAC cor-
responds to 8·9wt % partial melt of natural volatile-free
MORB-eclogite G2 (Pertermann & Hirschmann, 2003)
and contains 2·6 wt % of CO2 (Table 1). The CO2 concen-
trations mentioned above are based on the proportions in
which oxides and carbonates were mixed to synthesize the
starting melts. Both starting melt compositions lie within
the range of MORB-eclogite (� carbonates) derived par-
tial melts produced experimentally in previous studies

(Fig. 1). Volatile-free peridotite KLB-1ox used in this study
is similar to the fertile peridotite composition MixKLB-1
used by Mallik & Dasgupta (2012) and, within 1s error,
similar to the KLB-1 peridotite composition of Herzberg
et al. (1990) and Davis et al. (2009). All starting compos-
itions used in this study are reported inTable 1.
All the starting materials (carbonated melts and perido-

tite) were synthesized using high-purity oxides and carbon-
ates from Alfa Aesar. SiO2, TiO2, Al2O3 and MgO were
fired overnight at 10008C, Fe2O3 at 8008C, MnO2 at
4008C, MgCO3 at 2008C, CaCO3 at 2508C, and Na2CO3

and K2CO3 at 1108C to minimize adsorbed water. CO2

was added to ABC as MgCO3, CaCO3, Na2CO3 and
K2CO3. To maintain the desired proportion of Mg:CO2

in this melt, Mg was added partly as MgO and the rest as
MgCO3. Reagent grade MgCO3 often contains variable
amounts of water, especially in the form of brucite. To
ensure that addition of MgCO3 does not introduce water
in our ABC melt mix, X-ray diffraction of the fired
MgCO3 powder was performed, which yielded no discern-
ible peaks for Mg(OH)2. In the case of BAC, CO2 was
added only as Na2CO3. Prior to adding carbonates to
introduce CO2, the oxides and carbonates were ground to-
gether under ethanol in an agate mortar for 30min. Once

Table 1: Compositions of starting materials

Peridotite Starting melts

KLB-1ox MixKLB-11 ABC BAC G2PM12

SiO2 44·82 44·54 44·22 56·46 56·3(8)

TiO2 0·15 0·21 2·87 5·66 5·65(8)

Al2O3 3·51 3·70 13·45 15·61 15·6(4)

Cr2O3 0·32 0·23 0·05 0·01 0·01(1)

FeO* 8·19 8·08 15·28 8·17 8·2(3)

MnO 0·12 0·14 0·33 0·09 0·08(2)

MgO 39·50 39·30 6·87 2·51 2·5(1)

CaO 3·07 3·52 12·38 7·50 7·5(2)

Na2O 0·30 0·29 4·21 3·76 4·02(9)

K2O 0·02 0·01 0·33 0·21 0·21(1)

Mg# 89·58 89·66 44·50 35·42 35·4(9)

CO2 — — 11·7 2·6 —

Sum 100·00 100·02 100·00 100·00 99·99

Major element compositions of KLB-1ox, ABC and BAC
and CO2 concentrations based on proportions of oxides
and carbonates mixed in the starting compositions. Oxide
concentrations of ABC and BAC are reported on a CO2-
free basis.
*All Fe assumed to be FeO.
1Composition of fertile peridotite as used by Mallik &
Dasgupta (2012).
2Composition of MORB-eclogite partial melt as used by
Mallik & Dasgupta (2012).
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the ethanol evaporated, the mixtures were fired at 10008C
in a CO^CO2 mixing furnace at log fO2�QFM -2
(where QFM is the quartz^fayalite^magnetite buffer) for
24 h to convert all the Fe3þ to Fe2þ as well as to decarbo-
nate the powders. Once reduction was complete, carbon-
ates were added in the case of ABC and BAC to introduce
CO2 into the starting melt mixes. The final mixtures were
ground in an agate mortar under ethanol for 30min. All
starting mixtures were stored at 1108C to prevent adsorp-
tion of moisture at any time. The starting materials com-
posed of 8^50wt % carbonated eclogite-derived melt
(ABC or BAC), mixed homogeneously with peridotite,
simulate reactive infiltration of eclogite melt into peridotite
via porous flow. The bulk CO2 content ranged from 0·93
to 5·83wt % for experiments with KLB-1þABC mixtures
and from 0·21 to 1·3wt % for experiments with
KLB-1þBAC mixtures.

Experimental procedure
The experiments were performed using end-loaded piston
cylinders at Rice University using a half-inch assembly
comprising BaCO3 pressure medium, straight graphite
furnace, crushable MgO spacers, and Pt^graphite double
capsules. Pressure^temperature calibrations relevant for
our experimental set-up have been given by Tsuno &
Dasgupta (2011). The homogeneous mixtures were loaded
into thick graphite capsules surrounded by outer platinum
capsules. Before the platinum capsules were welded shut,
the loaded capsules were kept at 1108C overnight to
remove any moisture and ensure the least water contamin-
ation possible.The loss in weight of the capsules after weld-
ing was measured and in no case was the loss observed
greater than 0·3% relative. The experiments were per-
formed at 13758C, 3GPa; that is, at pressure^temperature
conditions equivalent to the base of mature oceanic litho-
sphere where the eclogite-derived carbonated melts would
be above their respective liquidi but the peridotite would
be below its solidus. In all the experiments, the pressure
was first raised to 3GPa and then the system was heated
to 13758C at 1008C min�1.Temperatures of the experiments
were controlled and monitored using W95Re5/W74Re26
(Type C) thermocouples. The run durations varied from
47 to 172 h. Experiments were quenched by cutting off
power from the heater after which the runs were decom-
pressed slowly, the position of the capsule and thermocouple
with respect to the hotspot was checked, and the capsules
were recovered. The capsules were then mounted in epoxy
and polished using silicon-carbide paper (240^600 grit)
and polycrystalline diamond powder (diameter varying
from 3 to 0·25mm) on nylon and velvet cloths. In all circum-
stances, polishing was carried out in the absence of water
or any lubricating liquid to preserve quench carbonate crys-
tals expected to be present in the reacted melt pool.
Oxygen fugacities of the melt^rock reaction experiments

were calculated using the calibration of Stagno & Frost

(2010) for the graphite^carbonate^oxygen buffer; these
varied from QFM -1·8 to QFM -2·3, which is in agreement
with the predictions of Frost & Wood (1995) and Medard
et al. (2008) for experiments performed in graphite cap-
sules. The calculated fO2 values also lie within the range
of oxygen fugacity estimates (QFM þ1·5 to �3·5) for ocea-
nic and abyssal peridotites compiled by Foley (2011).
Experimental conditions are reported inTable 2.

Analysis of run products
Analyses of textures and phase compositions were per-
formed using a Cameca SX50 electron microprobe at
Texas A&M University. High-resolution imaging was per-
formed using an FEI Quanta 400 FEG-SEM at Rice
University. Phases were identified using Imix Princeton
Gamma Tech (PGT) energy-dispersive spectroscopy and
reported phase compositions were determined using wave-
length-dispersive spectroscopy. Although all the phases
were analyzed at an accelerating voltage of 15 kV, glasses
were analyzed under a beam current and diameter of
10 nA and 5^10 mm, respectively; all other phases except
quench aggregates in melt pool (olivine, orthopyroxene,
clinopyroxene and garnet) were analyzed using a beam
current and diameter of 20 nA and 1 mm, respectively. In
all the experiments, the reacted melt quenched to a hetero-
geneous assemblage (except for a few experiments where
some of the melt formed glass pools). A large beam size of
20^30 mm and current of 20 nA were used to obtain the
average composition of these heterogeneous aggregates
and many such points across two to three exposed sections
were analyzed to obtain a reliable mean composition of
the reacted melt. No filtering technique was applied to the
heterogeneous quench aggregate compositions to avoid
any selective bias. Counting times for the elements ana-
lysed varied from 20 to 80 s on the peak and half the time
on each background. Nawas analyzed first on a given spec-
trometer and for only 20 s on the peak and 10 s on each
background to limit its loss. Compositional zoning was
observed in some garnets and in such cases, the rim com-
positions were analyzed assuming that the rim is in equi-
librium with the rest of the assemblage. The natural
mineral and basaltic standards used for phase composition
analysis are the same as those used by Mallik &
Dasgupta (2012). For some quench aggregate analyses, Ca
and Mg concentrations were measured using a dolomite
standard. However, it was found that these analyses were
no different from those where the same elements were mea-
sured using a diopside standard, as in the study of Mallik
& Dasgupta (2012), thereby suggesting no particular ad-
vantage of using carbonate standards over silicate stand-
ards for measuring major element cation concentrations
in carbonated silicate melts.
Phase proportions for each experiment were calculated

based on mass balance of components using the optimiza-
tion tool Solver in MS-Excel. Minor elements such as
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Cr2O3, MnO and K2O, as well as CO2, were neglected in
the mass balance. The phase proportions obtained from
mass balance were verified texturally to ensure their valid-
ity. Based on mass balance of FeO in the melt^rock sys-
tems, we concluded that there was no Fe loss to the outer
Pt capsule.
CO2 concentrations in the reacted melt are estimated in

two ways: (1) by difference between 100% and the micro-
probe totals of the averaged composition of the quench ag-
gregates (assuming all of the deficit is attributable to CO2;
hereafter referred to as ‘CO2 by difference’); (2) from
modal proportions of melt by allotting the bulk CO2 con-
centration to reacted melt because no solid carbonates or
CO2-rich fluid phase was present after melt^rock reaction
and because carbon solubility in nominally C-free mantle
silicates is negligible (Shcheka et al., 2006). Both estimates
are included in Table 3 and plotted in Supplementary
Data Fig. S1 (available for downloading at http://www.pet-
rology.oxfordjournals.org). Given the large uncertainty in
the estimated CO2 contents of the melts, a positive correl-
ation between the two suggests that the trend in melt com-
position evolution remains unaffected by whichever
method of CO2 estimation in the reacted melts is adopted.

Because it has been demonstrated that averaging quench
aggregates produces reliable estimates of melt compos-
itions by comparison with the compositions of glassy
patches, CO2 estimates obtained ‘by difference’ have been
used to calculate the volatile-free melt compositions
reported inTable 3.

EXPER IMENTAL RESULTS
Experimental conditions and phase proportions are re-
ported in Table 2. Photomicrographs of the run products
are shown in Fig. 2. Modal proportions and mineral com-
positions are plotted as a function of reacting melt mass
in Figs 3^8 and listed inTables 3^7.

Textures and phase assemblages
MixKLB-1 at 3GPa and 13758C produced a four-phase
lherzolite with olivine, orthopyroxene, clinopyroxene and
garnet as described by Mallik & Dasgupta (2012). All ex-
periments with peridotite^basaltic andesite (BAC) and
peridotite^alkali basalt (ABC) mixtures produced an as-
semblage of orthopyroxeneþ clinopyroxeneþ garnetþ
melt�olivine. In the case of 8 wt % melt-added

Table 2: Summary of melt^rock reaction experiments performed in this study including experimental conditions, phases pre-

sent, and their mass proportions

Run no. Starting

materials used

Reacting

melt mass

(wt %)

T (8C) TBKN (8C) TR00 (8C) P (GPa) Duration (h) Mineral modes (wt %) �r2

Ol Opx Cpx Gt Melt

G209* ABCþKLB-1ox 8 1375 1332 1295 3 119 51(1) 13(1) 18(1) 13(0) 4 0·5(2)

G217y ABCþKLB-1ox 15 1375 1350 1298 3 144 40(2) 26(3) 13(3) 13(1) 9(2) 0·6(2)

G239 ABCþKLB-1ox 25 1375 1327 1319 3 96 30(3) 28(5) 13(3) 13(1) 15(4) 0·3(1)

G240 ABCþKLB-1ox 33 1375 1323 1313 3 96 27(2) 23(4) 16(2) 14(1) 20(3) 2·0(1)

G227y ABCþKLB-1ox 40 1375 1328 1293 3 116 22(3) 25(5) 12(2) 20(0) 21(5) 0·20(3)

G229 ABCþKLB-1ox 50 1375 1349 1301 3 93 — 40(2) 15(4) 24(1) 21(2) 0·53(9)

B126* BACþKLB-1ox 8 1375 1334 1276 3 95 42(1) 27(1) 14(1) 12(0) 3 0·7(4)

B157* BACþKLB-1ox 15 1375 1357 1314 3 100 36(1) 24(1) 17(1) 14(1) 6 0·8(3)

B222 BACþKLB-1ox 25 1375 1340 1483 3 92 23(1) 43(1) 8(1) 7(1) 18(2) 0·2(2)

B223 BACþKLB-1ox 33 1375 1325 1404 3 139 16(1) 43(2) 12(1) 11(1) 17(2) 0·27(6)

G231 BACþKLB-1ox 40 1375 1378 1281 3 90 — 52(1) 20(4) 18(1) 11(2) 2(1)

G226 BACþKLB-1ox 50 1375 1399 1308 3 115 — 33(3) 28(5) 15(1) 24(3) 3·7(6)

*Experiments where melt mass proportions are calculated by the method of linear extrapolation (equations of extrapo-
lation are given in the caption of Fig. 3).
yExperiments re-reported from Dasgupta et al. (2013).
The �1s errors, based on replicate electron microprobe analyses, are given in parentheses and reported as the least digits
cited. For example, 51(1) should be read as 51� 1wt %. ABC and BAC are 11·6 and 2·6wt % CO2-bearing starting melts,
respectively and KLB-1ox is the oxide mixture used as fertile peridotite. TBKN (8C), temperature obtained using the two-
pyroxene thermometer of Brey & Kohler (1990); TR00 (8C), temperature obtained using the garnet–clinopyroxene therm-
ometer of Ravna (2000) using average pyroxene and garnet compositions reported in Tables 5, 6 and 7; Ol, olivine; Opx,
orthopyroxene; Cpx, clinopyroxene; Gt, garnet; �r2, sum of residual squares obtained using phase proportions, phase
compositions, and the bulk starting composition; —, absence of a phase.
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experiments for both starting melt compositions and 15wt
% BAC-added experiment, no melt pool, separated as a
layer, coexisting with the residual four-phase lherzolitic as-
semblage, was observed. In these experiments, melt was
found only as pockets in triple-grain junctions (Fig. 2c).
For higher melt-added experiments, a distinct melt pool
composed of heterogeneous quench crystals was observed
in coexistence with lherzolitic phases, except for the 40wt
% BAC-added experiment and 50wt % ABC- and BAC-
added experiments, where olivine was absent. The
quenched melt pools are composed of quench clinopyrox-
ene-like silicates intimately associated with Ca^Na^Fe car-
bonates (Fig. 2a, b and d). No textural evidence of a
separate CO2-rich vapor phase was observed. This is in
keeping with CO2 solubilities for silica-undersaturated
melts (similar to those obtained in this study) determined
by previous studies (e.g. Mysen et al., 1975; Brooker, 1998;
Brooker et al., 2001) being similar to or exceeding the CO2

concentrations determined for the reacted melts from this
study.
In our experiments, it is observed that there is a broad

linear correlation between reacting melt mass and mass
fraction of melt after melt^rock reaction (Fig. 3). For the

experiments with melt present only at triple junctions,
melt modal proportions were estimated by linear extrapo-
lation of the trend of modal proportions of melt as a func-
tion of amount of melt added to the experiments. Overall
the melt mass increased from 4wt % (where melt is con-
centrated only in triple-grain junctions) to 21wt % for ex-
periments with ABC and from 3·1 to 24wt % for
experiments with BAC. It is observed that the olivine
mass fraction decreases from 60wt % in the starting peri-
dotite to 0wt % when 50wt % of ABC and 40wt % of
BAC are added, respectively. Olivine is consumed because
of pyroxene crystallization. Accordingly, the orthopyrox-
ene mode overall increases from 14 to 40wt % as a result
of addition of 0^50wt % ABC. It increases from 28 to
52wt % until 40 wt % BAC is added, followed by a de-
crease to 33wt % of orthopyroxene when 50wt % BAC is
added. This decrease in orthopyroxene modal proportion
between 40 and 50wt % BAC-added experiments is com-
pensated by an increase in clinopyroxene mode from 20 to
29wt % over the same range of conditions. This reversal
in pyroxene stabilization can be explained by an increase
in bulk Ca/Mg with increasing melt added (from 0·14
for 40% BAC-added to 0·18 for 50% BAC-added

Table 3: Composition of reacted melts

Run no.: G217 G239 G240 G227 G229 B222 B223 G231 G231gl G226 G226 gl

Starting melt: ABC ABC ABC ABC ABC BAC BAC BAC BAC BAC BAC

Melt added (wt %) 15 25 33 40 50 25 33 40 40 50 50

n: 26 23 18 18 50 23 18 21 32 60 60

SiO2 30(4) 39(3) 38(2) 31(5) 27(6) 42(2) 47·3(1) 52(1) 51·5(6) 53(1) 53·2(6)

TiO2 6·3(9) 2·8(7) 3·4(2) 4·6(8) 5(1) 6·4(4) 5·9(2) 7·0(2) 7·0(2) 8·7(3) 8·34(9)

Al2O3 5·2(8) 8·4(5) 9·1(5) 5·3(8) 4·1(8) 10·5(5) 11·9(4) 12·9(3) 12·7(2) 12·3(2) 12·3(1)

Cr2O3 0·8(6) 0·13(4) 0·10(4) 0·2(3) 0·0(4) 0·2(1) 0·2(2) 0·04(1) 0·04(2) 0·1(1) 0·05(1)

FeO* 14(2) 11(1) 12·3(9) 15(2) 16(2) 10(1) 9·9(9) 7·7(4) 7·6(2) 6·5(5) 6·35(3)

MnO 0·21(3) 0·15(2) 0·17(2) 0·22(3) 0·23(4) 0·12(3) 0·11(3) 0·05(1) 0·06(1) 0·06(1) 0·064(8)

MgO 21(2) 20·3(8) 17·2(9) 19(1) 20(1) 15·4(7) 12·2(8) 8·3(8) 9·1(5) 7·9(8) 8·6(3)

CaO 18(5) 14(2) 13(1) 20(5) 21(3) 10(1) 7·9(3) 8·7(6) 9·0(3) 7·3(4) 7·6(2)

Na2O 4(2) 4(1) 6(2) 4(2) 7(3) 4·0(7) 4·2(4) 3·0(3) 2·9(2) 3·4(3) 3·1(4)

K2O 0·23(1) 0·11(6) 0·21(5) 0·3(2) 0·4(2) 0·4(1) 0·34(5) 0·18(6) 0·14(2) 0·35(9) 0·31(4)

Sum 100·00 100·00 100·00 100·00 100·00 100·00 100·00 100·00 100·00 100·00 100·00

Mg# 73(9) 73(3) 69(4) 70(6) 69(4) 73(3) 69(2) 66(9) 68(4) 68(9) 71(3)

CO2
1 22(5) 12(3) 10(3) 23(5) 25(3) 12(6) 4(2) 7(3) 7(1) 6(2) 7·2(3)

TiO2
2 3·4(6) 2·8(4) 3·2(3) 3·5(5) 4·7(4) 6·0(5) 7·0(4) 12(3) 12(3) 9(1) 9(1)

Na2O
2 5·2(8) 4·8(8) 5·7(7) 6(1) 7·8(7) 4·5(4) 5·5(3) 5·4(7) 5·4(7) 4·0(5) 4·0(5)

K2O
2 0·5(1) 0·36(9) 0·34(5) 0·38(8) 0·82(9) 0·37(4) 0·23(2) 0·9(3) 0·9(3) 0·21(5) 0·21(5)

CO2
2 15(4) 17(3) 19(1) 23(3) 20(2) 4(2) 5·1(6) 5·8(7) 7(1) 4·0(1) 7·2(3)

*All Fe assumed to be FeO.
1CO2 concentration determined by difference.
2TiO2, Na2O, K2O and CO2 concentrations determined from mass balance (refer to text for details).
All oxide concentrations are reported in weight per cent and on a CO2-free basis.
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experiments). For ABC-added experiments, clinopyroxene
mode displays an overall decrease from 19 to 15wt % for
0^50wt % melt-added runs. For BAC-added experiments,
the clinopyroxene mode increases sharply from 8 to 28wt
% for added melt fraction of 25^50wt %. Garnet modal
proportions display an overall increase from 10 to 24wt
% for experiments with ABC and to 15wt % for

experiments with BAC for the initial melt mass increasing
from 0 to 50wt % (Fig. 3).

Assessment of chemical equilibrium
The experiments in this study have not been reversed.
Garnets are zoned in some instances, even though the
cores are less than 1% in volume with respect to the

OpxMelt 
pockets

40 μm 

Gt

200 μm 

Opx
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Gt

Cpx

Quenched 
melt

Graphite 100 μm 

Ol

Opx
Gt Quench cc

Quench 
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Graphite

Melt pocket
Opx

50 μm 50 μm 

Glass poolGlass pool

Quenched 

Quenched 
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GraphiteGraphite

(a) (b)

(c) (d)

Fig. 2. Back-scattered electron images of experiments with (a) 15wt % ABCþKLB-1mixture (G217). Quenched melt pool is observed to co-
exist with olivine, orthopyroxene, clinopyroxene and garnet in the residue. The white box represents the area that is shown magnified in (b).
(b) Magnification of the area marked by white box in (a). The quench aggregates comprise clinopyroxene-like silicates and Ca^Fe^Na carbon-
ates. (c) Melt quenched in the triple junction of orthopyroxene crystals in the residue of melt^rock reaction (G209). The melt does not form a
separate pool in this experiment unlike in (a). (d) Glass pool formed along with quenched dendritic aggregate in 40wt % BACþKLB-1ox ex-
periment (G231).The similarity in glass and averaged quench melt pool compositions (Fig. 4) demonstrates the reliability of our averaging tech-
nique used to measure quench melt pool compositions.
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entire volume of garnet, rendering them insignificant for
affecting mass balance or overall mineralogy in the experi-
ments. Thus, even though complete equilibration has not
been achieved, an approach to equilibrium and mainten-
ance of a closed system during the experiments can be
demonstrated by the following characteristics.

(1) The sum of residual squares (�r2; Table 2) for the car-
bonated melt^rock reaction experiments varies from 0·2
to two. Given the uncertainty in analyses of melt compos-
ition from averaging the heterogeneous quench phases,
the experiments can be considered to have been closed to
material exchange.
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Volatile-free melt-peridotite experiments. 
(Mallik and Dasgupta, 2012) 
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Fig. 3. Mass fractions (in wt %) of olivine, orthopyroxene (opx), clinopyroxene (cpx), garnet, and melt plotted as a function of the initial melt
mass (in wt %) reacted with peridotite for experiments with two starting meltsçABC (diamonds) and BAC (filled squares). Also plotted for
comparison are the fraction of reacted melts from volatile-free G2PM1þMixKLB-1 mixtures performed at 13758C, 3GPa from Mallik &
Dasgupta (2012) (open squares). Because no reacted melt pool was observed for the 8 wt % ABC-added run, and 8wt % and 15wt % BAC-
added experiments, the melt fractions for these experiments were estimated by linear extrapolation of melt consumption trends constructed
for ABC- and BAC-added experiments. The extrapolated melt proportions are plotted with gray symbols and the equations used are: (final
melt fraction)¼ 0·51� (reacting melt fraction) for ABCþKLB-1ox experiments and (final melt fraction)¼ 0·45� (reacting melt fraction) for
BACþKLB-1ox experiments.The 1:1 line represents the locus of all points for which the mass fraction of melt added and the resulting melt frac-
tions are the same. Error bars (�1s wt %) are derived from mass balance calculations by propagating compositional uncertainties based on
replicate microprobe analyses.
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(2) The two-pyroxene thermometer of Brey & Kohler
(1990) and garnet^clinopyroxene thermometer of Ravna
(2000) were used to calculate the temperature of each ex-
periment (TBKN and TR00; Table 2). The maximum devi-
ations of the actual temperature of the experiment and
calculated temperature forTBKN is 538C and forTR00 is
1088C, both of which are within the uncertainty of the re-
spective thermometers. This demonstrates that the experi-
ments had approached equilibrium.
(3) KFe��Mg

D
(ol^melt) (Table 4) varies from 0·31�0·03

to 0·47�0.·04, which is consistent with the high
KFe��Mg

D
(ol^melt) values of 0·33^0·63 obtained in previous

studies on carbonated peridotite partial melting and
magma^crustal carbonate interactions (Hirose, 1997;
Dasgupta et al., 2007; Mollo et al., 2010). Moreover, the vari-
ation of KFe��Mg

D
(ol^melt) as a function of the

FeO*þMgO of melts mimics the trend noted in previous
studies (Kushiro & Walter, 1998; Filiberto & Dasgupta,
2011).

Phase compositions
Reacted melt

Reacted melt compositions (on a volatile-free basis) result-
ing from ABCþKLB-1 and BACþKLB-1 mixtures are
reported in Table 3 and plotted in Fig. 4 as a function of
the initial mass of reacting melt. Reacted melt compos-
itions from the volatile-free experiments of Mallik &
Dasgupta (2012) are also plotted in the same figure for
comparison.
For reacted melts in experiments with ABC, there is an

overall decrease in SiO2 from 30·1 to 27wt %, MgO from
21·1 to 19·7 wt %, and Mg# from 73 to 69 for the increase
of the original reacting melt mass from 15 to 50wt %. An
overall increase in Na2O content from 4·1 to 6·7wt % is
also observed for the same range in melt^rock ratios as
above. An initial decrease in TiO2 from 6·3 to 2·8wt %,
FeO* from 14·2 to 10·8wt %, CO2 from 22·5 to 11·6wt %
from 15 to 25wt % ABC-added runs is followed by an in-
crease to 5·3wt % for TiO2, 15·6wt % for FeO* and

Fig. 4. Continued
comparison, the glass compositions measured in 40wt % and 50wt % BAC-added runs and volatile-free melts produced at 13758C, 3GPa from
basaltic-andesite^peridotite reaction experiments (Mallik & Dasgupta, 2012) are also plotted. The similarity between the compositions of aver-
aged quench aggregates and glass in the 40 and 50% BAC-added experiments emphasizes the reliability of the reacted melt composition esti-
mates in this study. It is observed that the mean of glass and quench aggregates are very close to each other (the range of difference between
them being51% to 10% relative for major elements). The short-dashed line represents the amount of BAC required to be flushed through peri-
dotite to exhaust olivine from the residue.The long-dashed line represents the point of olivine exhaustion for flushing of ABC through peridotite.
The�1s error bars are based on replicate microprobe analyses.
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of the BACþ peridotite experiments (Mallik & Dasgupta, 2012). The dashed lines are the same as in Fig. 4.
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24·6wt % for CO2 up to 50wt % ABC-added runs. An in-
crease in Al2O3 content from 5·2 to 9·1wt % and decrease
in CaO content from 18 to 13wt % is observed for reacting
melt mass from 15 to 33wt %, followed by a decrease to

4·1wt % and increase to 21wt % in Al2O3 and CaO
respectively for reacting melt mass up to 50wt %. In the
case of BAC, with increasing added melt mass from 25 to
50wt %, the reacted melt SiO2 increases from 42·4 to
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53·4wt %,TiO2 from 6·4 to 8·7wt %, Al2O3 from 10·5 to
12·3wt % , FeO from 10·3 to 6·5wt %, MgO from 15·4 to
7·9wt %, CaO from 10·3 to 7·3wt %, Mg# from 73
to 68 and CO2 from 12 to 6wt %. Na2O displays a slight
decrease from 4 to 3·4wt % with increasing melt mass
from 25 to 50wt %.

Olivine

Olivine compositions are reported in Table 4 and plotted
as a function of increasing amount of melt added in Fig. 5.
Olivines from the carbonated melt^rock reaction experi-

ments display a steady decrease in forsterite content from
90·1 to 85 for ABC and 88·6 for BAC for increasing
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amount of melt added from 0 to 40wt % and 33wt %
respectively.

Orthopyroxene

Orthopyroxene compositions are reported in Table 5 and
plotted as a function of increasing amount of melt added
in Fig. 6.
Orthopyroxenes from the carbonated melt^rock reac-

tions display an overall increase in concentrations of TiO2

(from 0·19 to 0·48wt % for ABC and 0·54wt % for BAC),
FeO* (from 6 to 10wt % for ABC and 7·5wt % for BAC)
and Na2O (from 0·21 to 0·5wt % for both ABC and
BAC), and decrease in Cr2O3 (from 0·3 to 0·14wt % for
ABC and 0·17wt % for BAC) and MgO (from 33 to
30wt % for both ABC and BAC) with the reacting melt
mass varying from 0 to 50wt %. The trend displayed by

orthopyroxenes crystallized in experiments with BAC is
similar to that displayed by orthopyroxenes from volatile-
free melt^rock reaction experiments (Mallik & Dasgupta,
2012). Although there is no systematic trend in Al2O3 and
CaO concentrations for orthopyroxenes from runs with
ABC, a slight increase in Al2O3 from 4·06 to 4·78wt %
and decrease in CaO from 1·89 to 1·57wt % is observed
for BAC-added runs.

Clinopyroxene

Clinopyroxene compositions are reported in Table 6 and
plotted as a function of increasing amount of added melt
in Fig. 7.
Compositional trends for clinopyroxenes are similar to

those of orthopyroxene for TiO2, Cr2O3, FeO and Na2O.
There is no systematic variation in MgO with increase in
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reacting melt mass, whereas a distinct increase in Al2O3

(from 4·9 to 5·7wt % for ABC and to 7·5wt % for
BAC) and decrease in CaO concentrations (from 14·4 to
9·1wt % for ABC and to 7·9wt % for BAC) is observed
for added melt masses varying from 0 to 50wt %.

Garnet

Garnet compositions are reported inTable 7 and plotted as
a function of increasing amount of melt added in Fig. 8.
Garnet compositions from carbonated melt^rock reac-

tion experiments display a steady increase in FeO* (from

Table 4: Composition of olivines

Run no.: G209 G217 G239 G240 G227 B126 B157 B222 B223

Starting melt: ABC ABC ABC ABC ABC BAC BAC BAC BAC

Melt added (wt %): 8 15 25 33 40 8 15 25 33

n: 9 12 10 15 13 10 16 14 18

SiO2 40·0(3) 40·4(4) 38·7(4) 39·8(3) 40·5(3) 40·4(2) 40·7(2) 40·4(8) 39·6(2)

TiO2 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

Al2O3 0·08(3) 0·08(2) 0·10(4) 0·1(1) 0·12(7) 0·2(2) 0·10(6) 0·2(5) 0·13(8)

Cr2O3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

FeO* 10·9(3) 10·7(2) 12·00(1) 12·7(1) 14·0(2) 10·0(2) 10·1(2) 11·3(6) 11·6(3)

MnO 0·09(2) 0·09(1) 0·103(7) 0·12(2) 0·11(1) 0·08(1) 0·07(1) 0·09(2) 0·09(2)

MgO 48·5(3) 49·2(2) 48·3(6) 46·6(3) 44·4(4) 49·6(3) 48·4(2) 48·1(5) 47·3(4)

CaO 0·170(8) 0·16(2) 0·17(3) 0·20(3) 0·3(3) 0·18(2) 0·17(1) 0·17(3) 0·20(7)

Na2O b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

K2O b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

Sum 99·81 100·81 99·47 99·58 99·37 100·60 99·57 100·37 98·94

Fo# 88·8(9) 89·1(5) 88(1) 86·8(8) 85·0(1) 89·8(7) 89·5(6) 88(1) 88(1)

KFe��Mg
D (ol�melt) — 0·33(4) 0·45(4) 0·36(3) 0·41(6) — — 0·35(5) 0·31(3)

*All Fe assumed to be FeO.
All oxide concentrations are reported in weight per cent. b.d.l., below detection limit. KFe��Mg

D (ol–melt) is given by
(XMg

Melt/XMg
Mineral)/(XFe2þ

Melt/XFe2þ
Mineral).

Table 5: Composition of orthopyroxenes

Run no.: G209 G217 G239 G240 G227 G229 B126 B157 B222 B223 G231 G226

Starting melt: ABC ABC ABC ABC ABC ABC BAC BAC BAC BAC BAC BAC

Melt added (wt %): 8 15 25 33 40 50 8 15 25 33 40 50

n: 12 26 9 9 8 16 27 12 42 45 23 11

SiO2 53·8(5) 54·1(5) 52·8(7) 53·3(3) 54·3(4) 53·3(4) 53·8(8) 54·1(2) 54·4(7) 53·7(1) 54·3(8) 53·5(2)

TiO2 0·24(3) 0·44(7) 0·32(9) 0·30(7) 0·39(4) 0·48(8) 0·48(4) 0·62(5) 0·57(6) 0·63(6) 0·44(6) 0·54(3)

Al2O3 3·7(8) 3·7(7) 3·9(1) 4·8(2) 3·6(2) 4·0(3) 3·9(3) 3·9(2) 5·1(3) 5·2(5) 4·9(2) 4·78(1)

Cr2O3 0·27(5) 0·36(1) 0·30(5) 0·35(5) 0·19(1) 0·14(2) 0·31(4) 0·25(3) 0·25(5) 0·30(3) 0·17(2) 0·17(2)

FeO* 6·46(1) 6·5(2) 7·4(2) 7·7(2) 8·3(1) 10·2(2) 6·0(1) 6·1(2) 6·5(2) 7·0(2) 7·9(2) 7·5(1)

MnO 0·08(3) 0·09(3) 0·09(5) 0·12(2) 0·13(4) 0·13(3) 0·08(3) 0·08(3) 0·07(2) 0·09(2) 0·05(2) 0·07(3)

MgO 32·8(4) 33·1(4) 32(1) 30·8(3) 29·9(2) 28·7(5) 33·3(4) 32·3(2) 31·0(4) 30·7(6) 30·5(4) 30·3(2)

CaO 2·0(1) 1·9(3) 2·1(7) 1·9(2) 1·8(1) 2·1(3) 2·0(2) 1·81(9) 1·7(1) 1·64(1) 1·6(3) 1·57(3)

Na2O 0·17(2) 0·33(9) 0·43(9) 0·4(1) 0·33(2) 0·53(5) 0·17(2) 0·26(2) 0·31(2) 0·30(3) 0·45(2) 0·52(3)

K2O b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l

Sum 99·61 100·46 99·55 99·73 99·03 99·55 100·10 99·41 99·87 99·59 100·29 98·96

KFe��Mg
D (opx�melt) — 0·31(4) 0·42(4) 0·34(4) 0·36(5) 0·45(4) — — 0·32(1) 0·28(3) 0·28(2) 0·30(2)

All oxide concentrations are reported in weight per cent. b.d.l., below detection limit. KFe��Mg
D (opx–melt) is given by

(XMg
Melt/XMg

Mineral)/(XFe2þ
Melt/XFe2þ

Mineral).
*All Fe assumed to be FeO.
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6·7 to 11·8wt % for ABC and 9wt % for BAC) and de-
crease in Cr2O3 (from 1·05 to 0·37wt % for ABC and
0·27wt % for BAC) when the proportion of initial reacting
melt mass varied from 0 to 50wt %; these trends are simi-
lar to those for garnets in the volatile-free melt^rock

reaction experiments reported by Mallik & Dasgupta
(2012). In the case of TiO2, there is an overall increase from
0·44 to 1·15wt % for ABC-added runs from no-melt-added
to the 50wt % melt-added run. Garnets from runs with
BACdisplayanoverall increase inTiO2 concentrations from

Table 6: Composition of clinopyroxenes

Run no.: G209 G217 G239 G240 G227 G229 B126 B157 B222 B223 G231 G226

Starting melt: ABC ABC ABC ABC ABC ABC BAC BAC BAC BAC BAC BAC

Melt added (wt %): 8 15 25 33 40 50 8 15 25 33 40 50

n: 10 13 8 23 8 19 30 12 18 13 15 21

SiO2 53·6(5) 53·4(4) 52·8(3) 52·1(4) 53·0(2) 54·0(2) 52·5(6) 53·0(5) 51·3(4) 49·0(4) 54·3(4) 53·8(2)

TiO2 0·35(4) 0·89(1) 0·6(1) 0·6(1) 0·79(7) 0·75(7) 0·83(9) 1·1(1) 1·6(2) 1·78(7) 0·82(7) 1·12(8)

Al2O3 4·3(3) 4·6(3) 5·32(9) 6·1(1) 5·27(5) 5·7(3) 4·9(2) 5·3(4) 6·8(3) 8·2(2) 7·0(5) 7·5(2)

Cr2O3 0·37(8) 0·4(1) 0·43(4) 0·47(7) 0·29(2) 0·21(2) 0·44(3) 0·38(5) 0·29(5) 0·33(2) 0·22(3) 0·19(4)

FeO* 4·4(3) 4·6(2) 5·2(2) 5·5(2) 6·0(1) 8·2(3) 4·1(1) 4·4(3) 4·7(2) 4·8(2) 6·0(3) 6·1(1)

MnO 0·09(3) 0·08(2) 0·10(3) 0·10(3) 0·10(2) 0·14(3) 0·07(2) 0·07(2) 0·08(2) 0·08(2) 0·06(3) 0·08(3)

MgO 20·1(5) 20·1(5) 19·7(2) 19·4(4) 18·7(3) 20·2(6) 20·6(4) 20·0(8) 18·5(9) 17·5(5) 20·6(7) 20·7(5)

CaO 15·8(7) 14·5(9) 14·2(3) 13·8(7) 13·4(4) 9·1(5) 16·0(5) 14·1(8) 13·9(8) 14·1(6) 10·0(5) 7·9(6)

Na2O 0·90(3) 1·4(1) 1·64(8) 1·47(7) 1·67(4) 2·0(1) 0·97(6) 1·38(8) 1·92(6) 1·87(7) 1·93(8) 2·178)

K2O b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l

Sum 99·93 99·98 100·00 99·60 99·29 100·32 100·34 99·83 99·06 97·52 100·90 99·55

All oxide concentrations are reported in weight per cent. b.d.l., below detection limit.
*All Fe assumed to be FeO.

Table 7: Composition of garnets

Run no.: G209 G217 G239 G240 G227 G229 B126 B157 B222 B223 G231 G226

Starting melt: ABC ABC ABC ABC ABC ABC BAC BAC BAC BAC BAC BAC

Melt added

(wt %):

8 15 25 33 40 50 8 15 25 33 40 50

n: 9 14 14 14 12 20 15 9 13 10 13 14

SiO2 41·7(2) 41·4(3) 41·2(6) 41·3(4) 41·6(3) 40·9(4) 41·2(5) 41·5(2) 41·4(5) 40·1(4) 41·9(1) 41·3(2)

TiO2 0·6(1) 1·1(1) 0·9(2) 0·8(2) 1·2(2) 1·2(3) 1·0(3) 1·4(2) 1·1(2) 1·4(1) 1·0(2) 0·9(1)

Al2O3 23·6(6) 22·6(3) 22·8(4) 23·2(3) 22·9(3) 23·1(5) 23·3(6) 23·0(6) 23·0(8) 22·5(3) 23·5(6) 23·6(2)

Cr2O3 0·7(2) 1·3(3) 0·95(1) 0·73(7) 0·59(8) 0·37(6) 1·0(3) 0·6(2) 0·4(2) 0·39(1) 0·32(1) 0·27(8)

FeO* 7·1(2) 7·5(2) 8·7(3) 8·8(2) 9·7(3) 11·8(2) 6·9(1) 7·1(1) 7·3(2) 8·0(1) 9·3(2) 9·0(2)

MnO 0·17(1) 0·19(1) 0·20(1) 0·22(1) 0·22(1) 0·242(1) 0·15(1) 0·14(1) 0·15(1) 0·17(1) 0·11(2) 0·14(1)

MgO 20·4(2) 20·6(3) 20·3(4) 19·7(2) 18·6(2) 18·7(2) 21·1(2) 20·8(3) 21·4(2) 20·8(2) 20·6(3) 20·6(2)

CaO 5·3(2) 5·5(3) 5·3(3) 5·1(2) 5·1(2) 4·3(2) 5·5(3) 5·2(4) 5·1(1) 5·2(1) 4·3(3) 3·6(1)

Na2O b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l

K2O b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l

Sum 99·61 100·07 100·41 99·98 100·01 100·41 100·23 99·77 99·92 98·66 100·94 99·32

All oxide concentrations are reported in weight per cent. b.d.l., below detection limit.
*All Fe assumed to be FeO.
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0·44 to 0·88wt % from no-melt-added to 50wt % melt-
added run. The ABC-added experiments also display a
steady decrease in MgO concentration from 21·3 to 18·7wt
% for initial, reactingmelt mass varying from 0 to 50wt%.
The MgO concentrations of garnets decrease slightly from
21·3 to20·6wt%with increasingmelt added forexperiments
performedwith BAC.

DISCUSSION
Phase relations of melt^rock reactions
between eclogite-derived carbonated sili-
cate melt and peridotite
Using phase proportions, calculated by mass balance
(Table 2; Fig. 3), for both the melt^rock mixtures and the
melt-free, subsolidus peridotite at the same conditions,
chemical reactions for each experiment have been ob-
tained (Table 8). In all the experiments, orthopyroxene
and garnet are produced at the expense of olivine and car-
bonated silicate melt. These reactions are corroborated by
(1) decrease in olivine modal proportion ultimately leading
to exhaustion at high melt^rock ratios and (2) increase in
modal proportions of orthopyroxene and garnet for both
series of melt^rock reaction experiments. With increasing
melt^rock ratios, the peridotite is transformed to webster-
ite (at 50wt % melt added for ABC and 40wt % melt
added for BAC).
Clinopyroxene is overall produced, except for four ex-

periments: 15 and 25wt % ABC-added and 8 and 25wt
% BAC-added runs. In general, clinopyroxene production
per gram of melt is lower than garnet and orthopyroxene
production.

Evolution of carbonated alkali basalt (ABC)
owing to reaction with garnet peridotite
The melts from ABC^KLB-1mixtures display an evolution
in composition with changing melt^rock ratios and the
trends for each oxide component are discussed below.

SiO2

The SiO2 concentration of the reacted melts is lower than
that of the starting melt ABC owing to consumption of
SiO2 from the melt to crystallize orthopyroxene at the ex-
pense of olivine following reaction (1). It is observed to in-
crease initially in the 15^25wt % ABC-added runs,
followed by a decrease in the 33^50wt % runs (Fig. 4).
This trend is mirrored by the change in CO2 concentra-
tion in the reacted melts as a function of melt-mass added.
Except for the 50wt % ABC-added run, the ABC-derived
reacted melts have their activity of SiO2 buffered by coex-
isting olivine and orthopyroxene. Dissolution of CO2 as
CO2�

3 enhances the activity coefficient of SiO2 in reacted
melts, thereby decreasing the concentration of SiO2

(as the activity of SiO2 is buffered and changes little).

Thus, a higher CO2 concentration in the reacted melt
results in a lower SiO2 concentration and vice versa.

TiO2

TheTiO2 concentration of the reacted melts is affected by
(1) the bulk Ti content of the melt^rock mixture, (2) the
final melt fraction, and (3) the bulk partitioning of Ti be-
tween the residue and the melt, (DTi), which in turn is af-
fected by the modal mineralogy of the residual
assemblage. TiO2 in the reacted melt is higher than that
in ABC owing to melt consumption and the incompatible
behavior of the oxide during reactive crystallization of car-
bonated alkalic basalt in an olivine-bearing peridotitic
matrix. A decrease inTiO2 concentration from 15 to 25wt
% ABC-added runs is observed owing to an increase in
the clinopyroxene modal proportion, causing DTi to in-
crease. However, this decrease inTiO2 content is followed
by a steady increase up to the 50wt % ABC-added run be-
cause of the increasing TiO2 content in the bulk melt^
rock mixture overriding any effect of increasing garnet
modal proportions (and as a result DTi) (Fig. 3).

Al2O3

The reacted melts have lower Al2O3 than ABC owing to
the crystallization of Al-bearing orthopyroxene, clinopyr-
oxene and garnet. The initial trend of increasing Al2O3

concentration with increasing reacting melt mass from 15
to 33wt % is due to increasing bulk alumina content at
similar residual garnet mode; the drop in Al2O3 in the 40
and 50wt % melt-added experiments (Fig. 4) is the result
of greater amounts of residual garnet. The similarity in
the evolution trend of Al2O3 to that of SiO2 is also suggest-
ive of the effect of dilution of the Al2O3 content of the
reacted melt by CO2.

FeO*

Reacted melts derived from ABC tend overall to become
enriched in FeO* at higher melt^rock ratios owing to
increasing Fe in the bulk composition.

MgO

The MgO content in the reacted melts is higher than in
the starting melt ABC owing to interaction with the peri-
dotite (Mg-rich lithology), and decreases slightly with
increasing melt^rock ratio owing to the greater buffering
capacity of the melt as compared with peridotite.

CaO

Whereas the CaO contents in pyroxenes and garnet de-
crease with increasing melt^rock ratio (Figs 6^8), the
modal proportions of orthopyroxene and garnet increase
(clinopyroxene mode does not vary significantly with
melt^rock ratio), with the net effect of bulk DCa remaining
constant. However, within error, an overall increase in Ca
concentration is observed with increasing melt^rock ratio
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owing to enrichment of Ca in the bulk melt^rock mixture
and to enhancement of CO2 in the reacted melt with
increasing melt^rock ratio. The trend of increasing CaO
with increasing CO2 of the melt is broadly consistent with
the melt compositional trend observed in carbonated peri-
dotite partial melting experiments (Dasgupta et al., 2007).

Na2O

Enrichment in the Na2O content of the melt is observed
with increasing melt^rock ratio owing to the increasing
Na2O concentration of the bulk composition of the melt^
rock mixture.

Mg#

The decreasing trend of Mg# with increasing melt^rock
ratio is a function of the decreasing Mg# of the bulk
melt^rock mixture as the melt^rock ratio increases.

CO2

CO2 concentration in the reacted melts depends on two
factors, (1) bulk CO2 concentration and (2) modal propor-
tion of melt after melt^rock reaction. At a constant melt
mass, a higher bulk CO2 concentration will yield a melt
with higher CO2, whereas at a constant bulk CO2 concen-
tration a higher modal proportion of reacted melt reduces
the CO2 concentration owing to the near-perfect incom-
patibility of CO2. An initial decrease in CO2 concentration
of the reacted melt is observed in the 15^33wt % ABC-
added runs owing to an increase in melt modal proportion.
This is followed by a near-steady increase in CO2 content
until 50 wt % melt is added, because of an interplay of
the melt modal proportion changing only modestly and

the bulk CO2 concentration of the melt^rock mixture
increasing with the higher amount of melt added.

Evolution of carbonated basaltic andesite
(BAC) owing to reaction with garnet
peridotite: an assessment of the effect of
CO2 on phase equilibria during reactive
infiltration of eclogite partial melt into
peridotite
Comparison of reacted melt compositions saturated in
olivineþ orthopyroxeneþ clinopyroxeneþ garnet, derived
from the BACþKLB-1 mixture (specifically 25% BAC-
added mixture), with the volatile-free experiments of
Mallik & Dasgupta (2012) suggests that the former are
lower in SiO2 and Al2O3, and higher in MgO and CaO
in saturation with a four-phase assemblage.The notable ex-
ception is FeO*, for which the melts derived from partial
reactive crystallization of BAC at intermediate melt^rock
ratios are similar to or slightly lower in FeO* compared
with the reacted melts from volatile-free melt^rock reac-
tion, suggesting no strong influence of dissolved CO2 in
stabilizing melt of a different FeO* content. The Na2O
contents of the melts evolved from BAC are slightly lower
than the volatile-free, reacted melts and these differences,
once again, probably result from a slight difference in the
Na2O content of the carbonated- and volatile-free starting
melts BAC and G2PM1, respectively. It is plausible that
an increase in Mg# (maximum relative difference being
�7%) of the intermediate melt^rock ratio BAC-derived
melts with respect to reacted melts from volatile-free
melt^rock mixtures is due to the dissolved CO2 in the
BAC-derived reacted melts enhancing the MgO content

Table 8: Chemical reactions for the experiments

Starting materials used Run no. Melt added (wt %) Chemical reactions (per gram of melt)

ABCþKLB-1ox G209 8 0·9 olþ 1·0 melt¼ 0·6 opxþ 0·2 cpxþ 1·1 gt

ABCþKLB-1ox G217 15 1·7 olþ 0·5 cpxþ 1·0 melt¼ 2·4 opxþ 0·8 gt

ABCþKLB-1ox G239 25 1·6 olþ 0·1 cpxþ 1·0 melt¼ 2·0 opxþ 0·7 gt

ABCþKLB-1ox G240 33 1·0 olþ 1·0 melt¼ 1·2 opxþ 0·2 cpxþ 0·6 gt

ABCþKLB-1ox G227 40 0·7 olþ 1·0 melt¼ 0·9 opxþ 0·1 cpxþ 0·7 gt

ABCþKLB-1ox G229 50 1·0 olþ 1·0 melt¼ 1·2 opxþ 0·2 cpxþ 0·6 gt

BACþKLB-1ox B126 8 2·7 olþ 0·6 cpxþ 1·0 melt¼ 3·7 opxþ 0·6 gt

BACþKLB-1ox B157 15 1·8 olþ 1·0 melt¼ 1·8 opxþ 0·2 cpxþ 0·8 gt

BACþKLB-1ox B222 25 3·2 olþ 0·8 cpxþ 1·0 melt¼ 4·9 opxþ 0·1 gt

BACþKLB-1ox B223 33 1·5 olþ 1·0 melt¼ 2·2 opxþ 0·003 cpxþ 0·3 gt

BACþKLB-1ox G231 40 1·2 olþ 1·0 melt¼ 1·5 opxþ 0·3 cpxþ 0·4 gt

BACþKLB-1ox G226 50 1·1 olþ 1·0 melt¼ 1·0 opxþ 0·7 cpxþ 0·4 gt

All the reactions have been normalized to 1 g of melt. The reactions have been balanced
only for major element components SiO2, TiO2, Al2O3, FeO*, MgO, CaO and Na2O. CO2

as well as minor elements such as Cr2O3, MnO and K2O were ignored for mass balance.
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of partial melts by forming MgCO3 complexes (e.g.
Guillot & Sator, 2011), and hence that a carbonated melt
in equilibrium with all four lherzolitic phases is richer in
MgO than its carbonate-free counterpart.
CO2 concentrations in carbonated silicate melts display

a negative correlation with SiO2 concentrations and a
positive correlation with CaO concentrations similar to
observations by Dasgupta et al. (2007, 2013). Diminishing
SiO2 concentrations with increasing CO2 concentrations
in olivine- and opx-saturated melts have been attributed
to the effect of an increased activity coefficient of SiO2 by
dissolved CO2 in the form of carbonate complexes. On
the other hand, an increasing CaO concentration in melts
with higher CO2 has been explained as the effect of a
decreasing activity coefficient of CaO in the melt as CaO
reacts with CO2 to form CaCO3 complexes in the melt.
Lower Al2O3 in the carbonated melt^rock reaction experi-
ments as compared with the volatile-free runs is due to
the increased stability of garnet and aluminous orthopyr-
oxene in the residue (Fig. 3).
Similar to CaO (Dasgupta et al., 2007), MgO can complex

with CO2 in silicate melts to produce carbonate complexes:

MgO þCO2 $ MgCO3:
meltð Þ vapor

� �
meltð Þ

ð3Þ

A recent study by Guillot & Sator (2011) confirmed that
the propensity of network-modifying cations such as
Ca2þ, Fe2þ and Mg2þ to bond with carbonates (whether
the carbonates are associated with bridging or non-brid-
ging oxygens) is much higher than that of network-forming
cations such as Si4þ, Ti4þ and Al3þ, irrespective of the
degree of silica-saturation of the melt concerned.
Although our study does not conclusively suggest any
effect of CO2 on the FeO* content of the reacted melt, a re-
duction in the activity coefficient of MgO (along with
CaO) can be suggested based on the tendency of MgO
(and CaO) to be enriched in carbonated silicate melts.

Enrichment of TiO2 in reacted
carbonated silicate melt in the
MORB-eclogite^peridotite system
The TiO2 enrichment of silica-poor, alkalic basalts in gen-
eral and those from ocean islands in particular is of consid-
erable interest (Dasgupta et al., 2006, 2007; Prytulak &
Elliott, 2007). The reacted melts from this study are rich in
TiO2, therefore it is worth constraining what variables
truly affect the TiO2 content of magma derived from a
hybrid mantle. Higher TiO2 in our CO2-bearing reacted
melts is due in part to greater melt consumption in this
study as compared with the volatile-free experiments of
Mallik & Dasgupta (2012) (Fig. 3); that is, for a given melt^
rock ratio, greater orthopyroxene precipitation and as a con-
sequence melt consumption leads to enrichment of incom-
patible elements in the remaining melt. Therefore, one

indirect effect of the presence of dissolved carbonates in the
melt is to cause TiO2 enrichment through expansion of the
orthopyroxene stability field. Although the difference be-
tween the TiO2 contents of reacted melts derived from
BAC and those from the CO2-free experiments of Mallik &
Dasgupta (2012) can in part be explained by the difference
in the resulting melt fractions, the role of melt silica content
is also important. It has long been known that the dimin-
ished concentration of SiO2 in a melt saturated with oliv-
ineþ orthopyroxene (i.e. at a buffered silica activity) causes
enrichment of TiO2 (Delano, 1980; Wagner & Grove, 1997;
Xirouchakis et al., 2001). Hence one might expect that par-
tial melts with lower silica contents should have higher
TiO2 contents. Figure 9 shows that this indeed is the case
for reacted melts derived both from BAC and from ABC.
Therefore, another role of dissolved carbonate is indirectly
to enhance the TiO2 content in reacted melts by reducing
the melt silica content. However, melts derived from BAC
are much more enriched in TiO2 at given silica content
than those derived from ABC (Fig. 9). This is due in part to
the difference in the TiO2 content of the starting eclogite
melt BAC (5·66wt %) and ABC (2·87wt %); that is, differ-
ent bulk TiO2 content of BACþKLB-1 and ABCþKLB-1
mixtures at a given melt:rock ratio. Perhaps more import-
antly, however, the data indicate that highly carbonated
melts are not characterized byTiO2 enrichment with dimin-
ishing silica following the same trend as CO2-free or CO2-
poor melts. This is probably due to the fact that TiO2 forms
oxide complexes in the melt by bonding with FeO and
MgO and in strongly carbonated melts the available non-
bridging oxygens are reduced by the formation of MgCO3

and FeCO3 complexes. Indeed, it can be observed that all
the strongly carbonated experimental melts that are oliv-
ineþ orthopyroxene saturated (ABC-derived melts, this
study; Hirose, 1997; Dasgupta et al, 2007, 2013) define a steep
negative trend in melt SiO2^TiO2 compositional space that
is distinct from that for melts that are non-carbonated or
relatively CO2-poor, such as the BAC-derived melts (Fig. 9).

Expansion of orthopyroxene and garnet
stability at the liquidus owing to
dissolved CO2

In our study, we observed an increase in orthopyroxene
and garnet modal proportions in the residue of melt^rock
reaction for BAC with respect to similar experiments with
the CO2-free equivalent of BAC (G2PM1; Mallik &
Dasgupta, 2012). Also, olivine is exhausted for a reacting
BAC mass between 33 and 40wt %, whereas in the
G2PM1^KLB-1 reactions (Mallik & Dasgupta, 2012) it is
exhausted between a reacting melt mass of 40 and 50wt
%, which indicates more efficient destabilization of olivine
at the basalt liquidus in the presence of CO2.
Furthermore, the modal abundances of residual clinopyr-
oxene at a given melt:rock ratio in our study are somewhat
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lower than those observed in CO2-free melt^peridotite re-
action experiments (Fig. 3; Mallik & Dasgupta, 2012).
Enhanced consumption of Ca-rich pyroxene in the present
study of BACþKLB-1 reactions can be explained by com-
plexation of Ca2þ and CO2�

3 in the reacted melt, which
must lower the partition coefficient of Ca between cpx
and melt compared with its value in CO2-free melt-bear-
ing systems.
Previous studies have suggested the expansion of ortho-

pyroxene and garnet stability at the expense of olivine

and clinopyroxene at the high-pressure liquidus of basalt
in the presence of CO2 (e.g. Brey & Green, 1975, 1977;
Kushiro, 1975; Dasgupta et al., 2007). Dissolution of CO2

in silicate melts by complexing with MgO and CaO re-
duces the activity of these network-modifying oxides and
simultaneously enhances the activity coefficients of SiO2

and Al2O3 in the melt by creating bridging oxygens. This
explains why CO2 dissolution in silicate melts promotes
the stability of garnet and orthopyroxene at the liquidus.
The process can be illustrated by the following reaction:

TiO2 (wt.%)
0 4 8 12 16 20

Si
O

2 
(w

t.%
)

24

28

32

36

40

44

48

52

Dasgupta et al. (2007)

Xirouchakis et al. (2001)

Wagner and Grove (1997)
Delano (1980) ABC+KLB-1ox (this study)

BAC+KLB-1ox (this study)

Hirose (1997)

Dasgupta et al. (2013)

Takahashi (1986)

Davis et al. (2011)

Walter (1998)
Hirose and Kushiro (1993)

Yaxley and Green (1998)

Volatile-free mantle equilibrated 
melts:

Partial melts of carbonated 
peridotite:

Reacted melts from mixture 
of MORB-eclogite derived 
strongly carbonated silicate 
melt + peridotite:

High Ti-lunar basalts:

Reacted melts from volatile-free 
or low CO2-bearing mixture of 
MORB-eclogite / MORB-eclogite 
derived silicate melt + peridotite:

Mallik and Dasgupta (2012)

Volatile-free or low CO2 OChgiH-stlemgniraeb- 2-bearing melts - 

Volatile-free / low CO2
trend
High CO2 trend

Fig. 9. SiO2 (wt %) vsTiO2 (wt %) in experimental melts saturated with olivine and orthopyroxene. TheTiO2 concentration of the melts in-
creases linearly with decreasing SiO2, with the degree of TiO2 enrichment for a given SiO2 concentration being lower for strongly carbonated
melts (see text for further details) as compared with volatile-free or low CO2-bearing melts. Volatile-free mantle equilibrated melts
(Takahashi, 1986; Hirose & Kushiro, 1993; Walter, 1998; Xirouchakis et al., 2001; Davis et al., 2011), reacted melts from volatile-free or low-CO2

mixture of MORB-eclogite or MORB-eclogite-derived silicate meltþperidotite (Yaxley & Green, 1998; Mallik & Dasgupta, 2012;
BACþKLB-1ox from this study) and highTi-lunar basalts (Delano, 1980; Wagner & Grove, 1997) define the high-TiO2 trend at a given SiO2
content. Partial melts of carbonated peridotite (Hirose,1997; Dasgupta et al., 2007, 2013) and reacted melts from mixtures of strongly carbonated
MORB-eclogite-derived meltþperidotite (ABCþKLB-1ox from this study) describe the low-TiO2 trend at a given SiO2 content.

Al2O3þ 2SiO2þ 3Mg2SiO4þ CO2! Mg3Al2Si3O12þ Mg2Si2O6þ MgCO3:
meltð Þ meltð Þ olð Þ vapor

� �
gt
� �

opx
� �

meltð Þ
ð4Þ
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Comparison of melting reactions constrained in previ-
ous peridotite partial melting experiments with CO2 (e.g.
Dasgupta et al., 2007) or without CO2 (e.g. Walter, 1998)
suggests that dissolved carbonate in the melt probably ex-
pands the garnet stability field and as a consequence
lowers the alumina content of carbonated partial melts.
However, because carbonated silicate melting of natural
peridotite takes place at distinctly lower temperatures
than the volatile-free peridotite solidus (Wendlandt &
Mysen, 1980; Hirose, 1997; Dasgupta et al., 2007, 2013), it is
unclear whether the increased stability of garnet in
carbonated systems is due to the difference in melt compos-
ition or to a lower temperature of melting. Comparison of
our present study (experiments on BAC þ KLB-1 mix-
tures) with that of Mallik & Dasgupta (2012) confirms
that the presence of dissolved carbonates in the melt
definitely enhances garnet stability, even at constant
temperature.

Transition from basanite to melilitite and
silica-rich basaltic andesite to nephelinitic
basanite
Figure 10 shows the classification of alkali basalts accord-
ing to their degree of silica-undersaturation, following the
classification scheme of Le Bas (1989), where the melts
become increasingly silica-poor from basanite to nephelin-
ite and finally to melilitite. ABC is an alkalic basalt (bas-
anite) to start with and the reacted melts derived from
ABC, irrespective of melt^rock ratio, evolve to melilitite
upon reaction with peridotite in the presence of CO2.
BAC, on the other hand, is a silica-rich basaltic andesite
and the reacted melts at intermediate melt^rock ratios
(25wt % and 33wt % melt added) (i.e. in the presence of
olivineþ orthopyroxeneþ clinopyroxeneþ garnet) evolve
to silica-poor basanites or nephelinitic basanites upon reac-
tion with peridotite under the influence of CO2. The effect
of CO2 is obvious in this case when the reacted melts, at
intermediate melt^rock ratios, are compared with reacted
melts under volatile-free conditions (Mallik & Dasgupta,
2012). Whereas the reacted melts derived from G2PM1
[CO2-free starting melt composition in the study of
Mallik & Dasgupta (2012)] evolve only up to basanite in
terms of their degree of silica-undersaturation, even at the
lowest melt^rock ratio of 8 wt % melt added, the CO2-
bearing basaltic andesite BAC evolves to a silica-poor bas-
anite or nephelinitic basanite at an intermediate (25%)
melt^rock ratio. This profound effect of lowering the silica
concentration in the melt with just 2·6wt % of dissolved
CO2 in a siliceous melt and no more than 0·86wt % in
the bulk melt^rock mixture is interesting because this pro-
cess obviates the requirement for generating a silica-under-
saturated melt from partial melting of Si-deficient eclogite
or pyroxenite to explain the genesis of alkali basalts. In
fact, our study demonstrates how a minute amount of

CO2 (the CO2 may be derived from carbonatites, a CO2-
rich fluid or by reaction of carbon-free siliceous partial
melt with carbon present in the background mantle) dis-
solved in a MORB-eclogite-derived siliceous melt can
cause a transition from silica-saturated to silica-under-
saturated compositions upon reactive infiltration into peri-
dotite. In fact, given the trend of melt composition with
melt:rock ratio (Figs 4 and 10), reactive infiltration of
lower melt masses than those that are being explored here
would probably result in nephelinite or even melilititic
reacted melt compositions. The higher melt^rock ratio ex-
periments for BAC (40 and 50wt % melt added) are less
silicic than BAC itself, but not as silica-poor as the inter-
mediate melt^rock ratio melts, and this can be attributed
to the higher buffering capacity of the siliceous melts in
these experiments and the exhaustion of orthopyroxene.
An interesting aspect worthy of further attention is that

the vectors denoting the evolution of the reacted melt com-
position as a function of decreasing melt^rock ratio are
somewhat opposite for ABC- and BAC-bearing experi-
ments (Figs 10 and 11).Whereas the overall trend for ABC-
derived melts is to evolve towards less alkaline compos-
itions with decreasing melt^rock ratio, the reverse is true
for BAC-derived melts (as discussed above).This difference
in the evolution of the reacted melts for the two starting
melt compositions can be explained by the distinct silica
and CO2 concentrations of the two starting melts, using
silica concentration as a proxy for degree of alkalinity or
degree of silica-undersaturation. The silica content of
ABC is very similar to that of KLB-1, which implies that
the silica content of the bulk-rock mixture remains con-
stant, irrespective of melt^rock ratio. Thus, the CO2 con-
centration in the bulk melt^rock mixture dictates the
degree of silica-undersaturation of the melt by lowering
the SiO2 concentration of the reacted melt (CO2 being
perfectly incompatible in the system and rate of melt con-
sumption being constant, the CO2 concentration of the
bulk mixture is positively correlated with the CO2 concen-
tration in the reacted melt). Less CO2 in the bulk melt^
rock mixture or a lower melt^rock ratio implies lesser
reduction of SiO2 concentration owing to CO2 content,
hence producing a melt with a lower degree of silica-under-
saturation than those produced at higher melt^rock ratios.
On the other hand, BAC is more siliceous than peridotite;
thus, a decreasing melt^rock ratio would indicate higher
buffering capacity of silica concentration by peridotite in
the melt^rock mixture. The CO2 concentration in
the melt^rock mixture being as low as it is (the highest
being 1·3wt % for the 50wt % BAC-added run), the
effect of bulk CO2 on controlling the alkalinity of
the melt is overridden by the SiO2 concentration of
the bulk melt^rock mixture, although the presence of dis-
solved CO2 in the melt does cause the reacted melt to
achieve a more silica-poor derivative composition
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compared with similar experiments in CO2-free systems
(Mallik & Dasgupta, 2012).
The contrasting evolution of the reacted melts for the two

starting melt compositions is also evident when the melts
are projected from Mg-Tschermak onto the plane
Nepheline^Forsterite^Quartz (Fig. 11). The reacted melts
have also been projected on the more commonly used Ca-
Tschermak^Forsterite^Quartz plane from diopside follow-
ing O’Hara (1968) (Supplementary Data Fig. S2).
However, in the latter, the ABC-derived melts plot far out-
side the field of the plane of projection. Both KLB-1 and
ABC plot on the Si-poor side of the thermal divide defined
by the Ca-Tschermak^Enstatite join (Fig. 11 and Fig. S2).
The reacted melts evolve to further Si-poor compositions
and higher melt^rock ratio experiments (40 and 50wt %
melt-added runs) produce the most extreme Si-deficient
compositions. Also, higher CO2 concentrations in the
source for increasing melt^rock ratios enhance precipita-
tion of orthopyroxene at the liquidus via olivine consump-
tion. This results in the residue of the melt^rock reaction
evolving to a websteritic mineralogy at higher melt^rock
ratios (as observed in Fig. 11, where the residue approaches
the Ca-Tschermak^Enstatite boundary at higher melt^
rock ratios). The simultaneous evolution of the reacted

melt and the residue gives rise to crossing tie-lines joining
melt to residue composition via the bulk melt^rock mixture.
On the other hand, for the BAC-derived experiments, BAC
lying on the Si-rich side of the thermal divide results in the
reacted melts varying from BAC-like compositions at
higher melt^rock ratios (40 and 50wt % BAC-added runs)
to alkalic or relatively Si-poor melt compositions at inter-
mediate melt^rock ratios (25 and 33wt % BAC-added
runs; Fig.11and Fig. S2). Simultaneously, more orthopyrox-
ene crystallization occurs with increasing melt^rock ratio
owing to the higher bulk SiO2 concentrations and the resi-
due thus evolves towards the thermal divide. In this scen-
ario, the evolutionary trends of the reacted melts and those
of the residues result in tie-lines that are mutually near-par-
allel for intermediate and high melt^rock ratios. Also, as
noted by Mallik & Dasgupta (2012), melt^rock reaction be-
tween a siliceous melt and peridotite can result in a breach
of the thermal divide by varying the melt^rock ratio in the
bulk reacting lithology.The key observation in our study is
that at intermediate melt^rock ratios, reacted, carbonated
melts attain a higher degree of silica-undersaturation com-
pared with their CO2-free counterparts. Furthermore,
the trend of compositional evolution of BAC-derived
melts with decreasing melt^rock ratio (Fig. 11 and

25 35 45 55 65 75
10

15

20

25

30

Melilitites Nephelinites

Basanites

ABC

BAC
Oceanic basanites
Oceanic nephelinites and melilitites

Reacted melts ABC

BAC
Starting melts

This study

Volatile-free reacted melts (Mallik 
and Dasgupta, 2012)

C
aO

 +
 N

a 2O
 +

 K
2O

 (w
t.%

)

SiO2 + Al2O3 (wt.%)

Fig. 10. Reacted melt and starting melt compositions from this study, volatile-free reacted melts from Mallik & Dasgupta (2012), and naturally
occurring basanites, nephelinites and melilitites (data source given in the caption of Fig. 12) are plotted according to the melt alkalinity classifi-
cation scheme of Le Bas (1989) The natural melts are categorized as basanites, nephelinites and melilitites according to their SiO2þAl2O3

(wt %) and CaOþNa2OþK2O (wt %) concentrations. Symbols and error bars are the same as used in Fig. 4. The dashed arrows indicate
the direction of evolution of melt compositions with decreasing melt^rock ratio during reaction.
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Fig. 11. (a) Pseudoternary plane nepheline^forsterite^quartz (Ne^Fo^Qtz) and the garnet^pyroxene high-pressure thermal divide of O’Hara
& Yoder (1967) represented by wollastonite (Wo), enstatite (En), pyrope (Py), Mg-Tschermak (MgTs), Ca-Tschermak (CaTs) and grossular
(Grss), plotted within the CMAS tetrahedron. The thermal divide intersects the pseudoternary plane at the CaTs^En join. (b) Projected com-
positions of the mineral end-members Ca-Tschermak (CaTs), anorthite (An), grossular (Grss), diopside (Di), enstatite (En) and pyrope (Py)
on the pseudoternary plane along with fields for natural peridotites (GEOROC database), oceanic and continental basanites, nephelinites and
melilitites (data sources in the caption of Fig. 12). The CaTs^En join represents the pyroxene^garnet thermal divide of O’Hara & Yoder (1967).
(c, d) Starting material compositions (ABC, BAC, KLB-1ox) and bulk melt^rock mixture, reacted melt and residue compositions for 15wt %
to 50wt % ABC-added runs and 25wt % to 50wt % BAC-added runs plotted in the pseudoternary system nepheline^forsterite^quartz (Ne^
Fo^Qtz) projected from Mg-Tschermak (MgTs) according to O’Hara (1968). The percentage marked against each melt composition or tie-line
indicates the amount of melt added to the melt^rock system. Tie-lines for each melt^rock ratio are constructed by joining the reacted melt and
the residue compositions through the composition of bulk melt^rock mixture. The dashed arrows indicate the direction of decreasing melt^
rock ratio corresponding to decreasing alkalinity in the case of ABC (c) and increasing alkalinity in the case of BAC (d). The projections
were created using the software MetaRep (France & Nicollet, 2010).
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Supplementary Data Fig. S2) suggests that low melt^rock
ratios would probably result in even more silica-undersatur-
ated magma compositions.

Genesis of alkalic oceanic basalts by
eclogite melt^peridotite reaction in the
presence of CO2 and metasomatism of the
mantle by CO2-rich silicate melts
In Fig. 12, the reacted melts from this study (evolved from
ABC and BAC) are plotted for comparison with reacted
melts from volatile-free experiments (Mallik & Dasgupta,
2012), experimentally derived partial melts of carbonated
and volatile-free peridotite, MORB-eclogite, natural ocea-
nic basanites, nephelinites and melilitites [according to
the classification of Le Bas (1989)], and the average
HIMU OIB composition from Jackson & Dasgupta
(2008). Also plotted are contours representing the fre-
quency of sampled nephelinites and melilitites in compos-
itional space.The MgO concentrations in the reacted
melts derived from ABC do not vary significantly with
melt^rock ratio (MgO decreases from 21 to 20wt % with
increasing melt^rock ratio); however, the MgO concentra-
tions are higher than those of natural alkalic lavas. For a
given MgO concentration, the reacted melts derived from
partial reactive crystallization of ABC are extremely defi-
cient in Al2O3 and too enriched in CaO and CaO/Al2O3

ratios to explain even the most extreme silica-undersatur-
ated compositions such as melilitites. However, their SiO2,
TiO2, FeO*, and Na2O concentrations are within the
range of some natural melilitites. Shallow-level olivine
fractionation (as shown in Fig. 12) of up to 30wt % will
drive the reacted melt compositions towards lower MgO
concentrations and concurrently towards slightly lower
SiO2, higher TiO2, higher Al2O3, similar FeO* and
higher Na2O, and will not affect the CaO/Al2O3 of the
melts. Thus, after 20% olivine fractionation, a typical
reacted melt from ABC (as shown in Fig. 12) will be simi-
lar in composition to about 20^40% of natural silica-
undersaturated lavas (nephelinites and melilitites) in
terms of SiO2 and CaO/Al2O3 and c. 60^80% of the same
population in terms of TiO2, Al2O3 and FeO. In terms of
CaO and Na2O there is a match with less than 20% of
the nephelinite and melilitite population. Amongst the
reacted melts, it is those at the lowest melt^rock ratios
that can explain most of the natural nephelinites and meli-
litites the best, notably because of their higher SiO2,
higher Al2O3, lower CaO, lower Na2O and lower CaO/
Al2O3 compared with the reacted melts from higher
melt^rock ratio experiments. Compositional modification
by CO2-exsolution and subsequent olivine fractionation
are not the only processes that can modify the primary
carbonated melt, however. Another possibility for the
compositional evolution of carbonated silicate melt upon
ascent is immiscible separation into a carbonatite and a

silica-undersaturated melt as has been demonstrated in
natural occurrences and by experiments in several studies
(e.g. Koster Van Groos & Wyllie, 1966; Church & Jones,
1995; Lee & Wyllie, 1997; Gerbode & Dasgupta, 2010). If
ABC-derived melts enter a miscibility gap at shallower
depths and perhaps lower temperatures, their extreme en-
richments in CaO and depletion in SiO2 may be moder-
ated. Therefore, although ABC-derived reacted melts at
mantle conditions are all melilititic, immiscibility may
also cause such melts to give rise to less extreme basanite
or alkali basalt compositions.
From Fig. 12, it can be observed that the reacted melts

from BAC (those derived from intermediate melt^rock
ratios) are by themselves a good match for some of the
Mg-rich (MgO 412^15wt %) natural nephelinites in
terms of SiO2, Al2O3, FeO*, CaO, Na2O and CaO/
Al2O3. However, most erupted, alkalic OIB (greater than
80% of nephelinites and melilitites) have MgO515wt %,
suggesting that olivine fractionation is a viable mechanism
for these reacted melts to generate alkalic OIB. Olivine
fractionation of around 20wt % drives the melt compos-
ition towards lower MgO, slightly lower SiO2 and FeO*,
higher Al2O3, CaO and Na2O, and constant CaO/Al2O3.
As a result of about 10% olivine fractionation from a typ-
ical reacted melt from BAC (as shown in Fig. 12), the melt
will match the composition of 60^80% of nephelinites
and melilitites in terms of SiO2, Al2O3, CaO, Na2O and
CaO/Al2O3 and about 20^40% of the population in
terms of FeO*. Overall, the most significant improvements
of the involvement of CO2 over volatile-free conditions in
the eclogite melt^lherzolite reaction are lowering of SiO2

and Al2O3, and elevation of FeO*, Na2O and CaO/
Al2O3, for a given MgO content, resulting in a better
match with natural nephelinites and transitional nepheli-
nitic basanites sampled. The TiO2 concentrations of these
reacted melts are significantly higher (5·9^6·4wt %) than
those of natural alkalic basalts and increase even further
upon olivine fractionation. However, as mentioned by
Mallik & Dasgupta (2012), such enrichment in TiO2 can
be diluted by mixing with depleted peridotite partial
melts. A mixing trend is plotted in Fig. 12 between a typ-
ical reacted melt derived from BAC and a carbonated peri-
dotite partial melt generated at 13758C, 3GPa (Dasgupta
et al., 2007); that is, the same temperature^pressure condi-
tions at which the reacted melt was generated. It is evident
that mixing of carbonated peridotite-derived melt with
the reacted melt from BAC in a 3:2 ratio will produce a
melilitite and drive the mixture towards a lowerTiO2 con-
centration and a slightly higher MgO concentration com-
pared with the reacted melt from BAC. Furthermore, such
a product of melt^melt mixing upon olivine crystallization
can produce melilitites representative of at least 40% of
the sampled population or can form a less extreme basan-
ite composition upon immiscible separation. The reacted
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Fig. 12. Major element concentrations of reacted melts from this study (owing to partial reactive crystallization of ABC and BAC), volatile-free
reacted melts from Mallik & Dasgupta (2012), experimentally derived partial melts of carbonated MORB-eclogite (Hammouda, 2003;
Gerbode & Dasgupta, 2010; Kiseeva et al., 2012), partial melts of carbonated peridotite (Hirose,1997; Dasgupta et al., 2007), partial melts of vola-
tile-free MORB-eclogite (Pertermann & Hirschmann, 2003; Spandler et al., 2008), partial melts of volatile-free peridotite from 2·5 to 4·5GPa
(Takahashi, 1986; Hirose & Kushiro, 1993; Walter, 1998; Longhi, 2002; Davis et al., 2011) and the average HIMU OIB composition (Jackson &
Dasgupta, 2008) plotted as a function of MgO concentration in the melt. The experimental melts are compared with naturally occurring ocea-
nic basanites, nephelinites and melilitites (GEOROC database; Duprat et al., 2007; Barker et al., 2009; Takamasa et al., 2009; Aulinas et al.,
2010; Dyhr & Holm, 2010; Martins et al., 2010; Moura‹ o et al., 2010; Torres et al., 2010; Kawabata et al., 2011; de Ignacio et al., 2012). Frequency con-
tours (black curves) for nephelinites and melilitites were constructed at intervals of 20% from 80% (innermost contour) to 20% (outermost
contour) using a MATLAB function SMOOTHHIST2D.m (Perkins, 2006). Olivine fractionation correction of 30% is shown for an MgO-
rich, ABC-derived melt (G239) and of 20% for an MgO-rich BAC-derived melt (G221) using K

Fe��Mg�

D (ol^melt)¼ 0·3 (Roeder & Emslie,
1970). No significant difference in olivine-fractionation trends were observed using K

Fe��Mg�

D (ol^melt)¼ 0·34 (Matzen et al., 2011); hence, these
trends were not plotted for clarity. In the MgO vsTiO2 plot, a mixing line is shown between an MgO-rich BAC-derived melt (B222) and a par-
tial melt of carbonated peridotite to demonstrate theTiO2 concentration of the melt^melt mixture. The numbers next to the tick marks repre-
sent the percentage of carbonated peridotite partial melt to be added to the BAC-derived melt.
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melts derived from high melt^rock ratios of BAC lack suffi-
cient MgO (510wt %) to be considered primary
magmas. However, this also implies that these melts can
be viable metasomatic agents in the mantle as discussed
below. The melts generated through partial reactive crys-
tallization of an original eclogite melt in a peridotite
matrix in this study are a significant improvement over
the deficiencies of TiO2 and MgO in peridotite and eclog-
ite-derived partial melts respectively, in explaining the ma-
jority of natural alkalic basalts.

Dynamic scenario of eclogite-derived
carbonated silicate melt and peridotite
reaction
Possible scenario of genesis of eclogite-derived carbonated
silicate melts

The first consideration for the melt^rock reaction scenario
explored here is the generation of carbonated MORB-
eclogite partial melts. If the mantle is locally oxidized at
depth, carbonated MORB-eclogite will encounter its

carbonatite-generating solidus in an upwelling, convective
mantle with TP¼13508C at around 360 km (11GPa),
whereas the solidus will be located even deeper (i.e.
�460 km; 514GPa) in a mantle with Tp¼15508C
(Dasgupta et al., 2004, 2007; Litasov & Ohtani, 2010).
Incipient melting at the solidus, in this case, will generate
a carbonatitic melt (Hammouda, 2003; Dasgupta et al.,
2004, 2005; Gerbode & Dasgupta, 2010; Litasov &
Ohtani, 2010; Kiseeva et al., 2012), which, owing to its ex-
treme mobility (Minarik & Watson, 1995; Hammouda &
Laporte, 2000), should leave the parent eclogite body effi-
ciently. It is thus difficult to envision how a high melt frac-
tion, carbonated silicate melt of MORB-eclogite could be
generated at 3GPa, 13758C, the condition under which
eclogitic partial melt and lherzolite reaction is studied
here. The genesis of a carbonated silicate melt such as
ABC or BAC can be explained by the following scenario
discussed at length by Dasgupta et al. (2006, 2007) and
Gerbode & Dasgupta (2010). Silica-saturated carbonated
MORB-eclogite (coesite or stishovite-eclogite at the

Volatile-free peridotite 
solidus 

Volatile-free MORB-
eclogite solidus 

Deeper carbonatites 

Volatile-free Si-rich 
MORB-eclogite

Oceanic crust

Lithosphere

(a) (b) (c)

Redox melting 
front

Reduced 
C-bearing 
eclogite

Residue 1

Residue 2

Depth of melt-rock 
reaction (this study)

ABC/BAC

Reacted melt (product of 
reaction between 

ABC/BAC and peridotite.

Interaction of mantle 
CO2 with percolating BA

Fig. 13. Schematic illustration demonstrating three ways in which ABC- and BAC-like melts may be generated in the Earth’s mantle followed
by reaction of the melt with peridotite to produce reacted melts erupting as alkalic lavas and leaving behind a garnet-websterite (� olivine) resi-
due (‘Residue 2’). (a) Carbonatitic melts produced by deep, low-degree melting or redox-melting of carbon-bearing eclogite or peridotite infil-
trate into volatile-free, SiO2-rich MORB-eclogite to produce a carbonated silicate melt and ‘Residue 1’. Whether the carbonated silicate melt
produced is ABC-like or BAC-like depends on the ratio of carbonatite to MORB-eclogiteça higher ratio would favor formation of melt similar
in composition to ABC (Gerbode & Dasgupta, 2010), whereas a lower ratio would favor a melt composition closer to BAC. (b) Recycled vola-
tile-free Si-rich MORB-eclogite, upon partial melting during upwelling, generates a basaltic andesite melt (volatile-free) and this melt scavenges
CO2 from the background mantle or from a carbonatitic melt producing a BAC-like melt composition. (c) A third scenario where MORB-
eclogite pods containing reduced carbon at depth, upon upwelling, undergo redox melting and produce carbonated silicate melt at the redox
front solidus. In this scenario production of eclogite-derived, carbonated, silicate melt would not require carbonatite^eclogite reaction and
redox melting-induced carbonated silicate melt can directly infiltrate the peridotite (this study).The depth of the redox melting front is not con-
strained as yet for carbon-bearing eclogitic systems and it is also uncertain whether redox melting of carbon-bearing eclogite will produce a car-
bonated silicate melt or a carbonatitic melt. However, by analogy with peridotitic systems where the depth of the transition from carbonatitic
melt to carbonated silicate melt is fairly deep, direct generation of a carbonated silicate melt at a similar redox front is expected (Dasgupta
et al., 2013). It is plausible that redox melting of a diamond- or graphite-bearing eclogite also directly produces a carbonated silicate melt. In
this scenario, the first-stage melt^rock reaction will be that between an ABC-like melt and peridotite.

JOURNAL OF PETROLOGY VOLUME 54 NUMBER 11 NOVEMBER 2013

2292

 at U
niversita' degli Studi R

om
a L

a Sapienza on N
ovem

ber 20, 2013
http://petrology.oxfordjournals.org/

D
ow

nloaded from
 

http://petrology.oxfordjournals.org/
http://petrology.oxfordjournals.org/


conditions of near-solidus melting), upon partial melting at
low degrees, can produce immiscible carbonatitic and
silica-rich melts (Gerbode & Dasgupta, 2010; Kiseeva
et al., 2012).The immiscible silica-rich melts may have char-
acteristics similar to our BAC or ABC composition, de-
pending on the bulk compositions of interest. Perhaps
more realistically, the carbonate-rich melt derived from
carbonated peridotite (e.g. Falloon & Green, 1989;
Dasgupta & Hirschmann, 2006; Dasgupta et al., 2013) or
deeply subducted carbonated eclogite (e.g. Dasgupta et al.,
2004; Yaxley & Brey, 2004) or carbonated pelite (e.g.
Grassi & Schmidt, 2011; Tsuno et al., 2012) has the potential
to metasomatize the surrounding mantle. Reactive pro-
cesses involving carbonatite and volatile-free MORB-
eclogite can produce a wide range of carbonated silicate
melt compositions depending on the carbonate
melt:MORB-eclogite ratio. If the carbonate melt fraction
is rather high, at least locally, such interaction would prob-
ably produce a carbonated silicate melt similar in compos-
ition to ABC (Gerbode & Dasgupta, 2010; Fig. 13a). On
the other hand, if the interaction volume is carbonate-
poor, a MORB-eclogite partial melt may dissolve some
carbonate with very little impact on its major element
chemistry (i.e. a composition similar to BAC; Fig. 13a).
BAC can also form if an 8% melt of volatile-free MORB-
eclogite reacts with percolating carbonatite, carbonated
silicate melt and/or CO2-rich fluid (Fig. 13b).
Whereas generation of carbonated silicate melt of

MORB-eclogite (ABC and/or BAC) in an oxidized
mantle will require a reactive process as outlined above,
such melts may also be generated by direct decompression
melting of graphite- or diamond-bearing eclogite, at a
redox front. In fact, this mechanism may be more likely,
given the current understanding of the oxygen fugacity
profile of the Earth’s mantle as a function of depth (e.g.
Stagno et al., 2013). For example, if the upper mantle
reaches Fe^Ni metal saturation at depths (e.g. Rohrbach
et al., 2007, 2011), the carbonatite-generating solidus of car-
bonated eclogite may not apply. Metal saturation for peri-
dotitic upper mantle has been shown to occur at �250 km
depth (Rohrbach et al., 2007, 2011), but a similar metal pre-
cipitation condition for eclogitic bulk compositions is not
constrained as yet. If the transition from carbonatite to
carbonated silicate melt for eclogite is fairly deep, as
shown to be the case for peridotitic systems (Dasgupta
et al., 2013), then redox melting of reduced carbon-bearing
eclogite at the solidus may directly produce a carbonated
silicate melt (Fig. 13c).

Scenario and conditions of MORB-eclogite-derived
carbonated silicate melts and fertile peridotite reaction in
the upper mantle

Once the carbonated silicate melt is generated by
equilibration of carbonatite or CO2-rich fluid and

MORB-eclogite or by redox melting of carbon-bearing
eclogite, the melt will move away from the eclogite bodies
and encounter peridotite over a range of depth^tempera-
ture conditions. The experiments presented here capture
such interactions at the base of a mature lithosphere, at
�100 km and 13758C; that is, proximal to the ocean island
basalt source region. On the scale of the entire OIB
source region the effective melt:rock ratio of such reaction
is expected to be low, but on local (i.e. meter to tens of
meters) scale the melt:rock ratio can be as high as those
explored in our experiments. After carbonated eclogite
melt^peridotite reaction, the reacted melts have the poten-
tial to segregate from the source region along channels.
Otherwise, these alkalic melts can be potential metasoma-
tizing agents within the mantle in accordance with studies
that have proposed CO2-rich silicate melts metasomatiz-
ing the oceanic mantle (e.g. Gregoire et al., 2000; Delpech
et al., 2004). However, it should be noted that the nature of
metasomatism will evolve continuously during the ascent
of the melt through the mantle, because after each stage
of melt^rock reaction the melt composition will evolve to
become more silica-undersaturated than in the previous

Table 9: Summary of descriptive statistics (mean, standard

deviation and median) of composition of oceanic and contin-

ental nephelinites and melilitites

Continental Oceanic Relative

difference

(%)
Mean SD Median Mean SD Median

n¼ 348 n¼ 274

N
ep

h
el
in
it
es

SiO2 42·4 1·6 42·3 42·0 1·8 41·7 1·3

TiO2 3·1 0·9 3·0 3·5 0·9 3·4 –14·0

Al2O3 12·3 2·2 11·9 12·3 1·8 11·9 0·3

FeO* 12·1 2·1 12·0 12·7 1·5 12·6 –5·7

MgO 10·6 3·6 10·6 11·2 3·1 12·2 –15·1

CaO 13·3 1·9 13·4 12·6 1·6 12·6 5·8

Na2O 3·8 1·2 3·7 3·8 1·4 3·5 4·4

M
el
ili
ti
te
s

n¼ 332 n¼ 95

SiO2 38·9 2·6 38·8 38·4 4·9 39·1 –0·8

TiO2 3·6 1·3 3·1 3·8 1·3 3·7 –20·2

Al2O3 9·5 1·8 9·4 10·7 2·4 10·5 –11·8

FeO* 12·1 2·5 12·0 13·7 2·7 13·1 –9·0

MgO 13·9 5·3 15·5 13·1 2·3 13·3 14·4

CaO 16·0 2·8 15·9 14·5 2·9 13·7 13·6

Na2O 3·4 2·1 3·0 3·6 1·2 3·4 -10·8

Relative difference (%)¼ [median (continental) – median
(oceanic)]/median (continental)� 100.
*All Fe assumed to be FeO.
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Continental nephelinites

Oceanic nephelinites
Olivine fractionation

20% 10%

SiO2 (wt.%)
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Fig. 14. Histograms of major element concentrations (oxide wt %) in oceanic and continental nephelinites. Bin intervals and sizes are the same
for the two datasets in a single composition vs frequency sub-plot. Frequency represents the absolute number of data points present in a bin.
The two colored tick marks (non-black for continental; black for oceanic) at the top of each sub-plot represent the median composition of the
respective dataset (reported in Table 9). Natural nephelinites are compared with reacted melt from the 25% BAC-added experiment because
this reacted melt is a nephelinitic basanite according to the classification of Le Bas (1989) (Fig. 10). The melt composition derived from the
25% BAC-added experiment (B222) is plotted on each histogram with a dashed line. Vectors of change in melt composition owing to olivine
fractionation of up to 20wt % are also shown by black arrows with ticks on them representing 10wt % olivine fractionation. The continuous
black line in the TiO2 histogram represents the composition of the 3:2 mixture of carbonated peridotite partial melt and reacted melt from
the 25% BAC-added experiment. Data sources used for oceanic nephelinites are given in the caption of Fig. 12. Data for continental nephelinites
are from the GEOROC database, Pilet et al. (2002), Ho et al. (2003), Chashchin et al. (2007), Zeng et al. (2010), Melluso et al. (2011) and Tschegg
et al. (2011).
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stage. Furthermore, as discussed above, the reacted melt
may evolve not only by crystal fractionation and
CO2-degassing, but also by liquid immiscibility. One note-
worthy corollary of our experimental results is that high-
MgO melts [as high as 15 wt % (BAC-derived) to 21wt %
(ABC-derived) on a CO2-free basis at low to intermediate
melt:rock ratios] with many compositional attributes simi-
lar to alkalic OIB are generated by reaction of low-MgO
eclogitic melts and fertile peridotite, below the volatile-
free peridotite solidus.We note that the involvement of dis-
solved carbonates makes the melt even more MgO rich
compared with other similar bulk compositions at CO2-
free conditions (Mallik & Dasgupta, 2012). If the P^Tcon-
ditions of our experiments are projected to a plausible
solid mantle adiabat, a mantle potential temperature no
more than 13508C is necessary. Therefore, our experiments
suggest that if eclogite partial melt^peridotite reaction
and the possible compositions of derivative magmas are
not taken into account, the temperatures of primary meli-
lititic to nephelinitic basanite magmas can be significantly
overestimated. Our data thus suggest that such intraplate
magmatism can be generated in ‘colder regions’ of the
mantle with ‘normal potential temperatures’ such as along
the periphery of a thermal plume, in regions of small-
scale convection beneath the lithosphere, and other
instabilities such as weak thermal anomalies (e.g.
Raddick et al., 2002; Ballmer et al., 2007).

Eclogite-derived carbonated melt^peridotite
interaction beneath continents
The scenario of melt^rock reaction and mantle metasoma-
tism captured in our experiments is also relevant beneath
continental lithosphere where stacked subducted carbo-
nated MORB-eclogite may undergo partial melting (e.g.
Heaman et al., 2002; Kiseeva et al., 2012) and melt^rock re-
action such as documented in this study may occur. In
fact, metasomatism of continental lithospheric mantle by
carbonate-bearing melts or fluids has been shown by sev-
eral studies (e.g. Dautria et al., 1992; Ionov et al., 1996;
Yaxley et al., 1998; Kamenetsky et al., 2004). In terms of
composition, comparison between oceanic and continental
suites of nephelinites^melilitites demonstrate that even
though they largely overlap in composition, there are dif-
ferences in the median values of certain compositional par-
ameters. Nephelinites from continents are 14%, 6% and
15% lower (relative) in medianTiO2, FeO* and MgO, re-
spectively, and 6% higher in CaO compared with those
found in oceanic settings (Table 9; Fig. 14). Melilitites dis-
play the greater difference in composition between the
two settings. Continental melilitites are 20%, 12%, 9%
and 11% (relative) depleted in median compositions of
TiO2, Al2O3, FeO* and Na2O, respectively as well as
14% enriched in MgO and CaO compared with oceanic
melilitites (Table 9; Fig. 15).

In Fig. 14, the nephelinitic basanite derived from BAC is
compared with continental nephelinites. Although the
reacted melts are more MgO-rich, and CaO- and Al2O3-
poor, than the majority of continental nephelinites,
10^20% olivine fractionation produces a good match with
the nephelinites around the median population. The ex-
perimental reacted melt is close to the median population
of continental nephelinites in terms of SiO2 and Na2O,
and 10^20wt % olivine fractionation can explain a signifi-
cant proportion of continental nephelinites. The reacted
melts are more enriched inTiO2 than the median concen-
tration in continental nephelinites by43wt % and olivine
fractionation only results in further enrichment of TiO2,
and hence increased departure from the median concen-
tration. However, as shown in Fig. 14, mixing of the
reacted melt with TiO2-poor peridotite-derived partial
melts can drive the resultant reacted melt towards the
major population of natural nephelinites.
In Fig. 15, the melilititic melts derived from ABC are

compared with continental melilitites. The reacted melts
at intermediate melt^rock ratios provide the best match
for the majority of continental melilitites. These experi-
mentally derived melts are compositionally close to the
median population of continental melilitites in terms of
SiO2, TiO2 and FeO*. The reacted melts are Al2O3 and
CaO-poor and MgO- and Na2O-rich compared with
the median population of natural lavas. Approximately
10^15wt % olivine fractionation improves the match of
the reacted, ABC-derived melts with the majority of con-
tinental melilitites in terms of Al2O3, MgO and CaO.

CONCLUSIONS
We demonstrate that reaction between a carbonated
alkalic basalt (ABC) and peridotite generates reacted
melts of melilititic composition with the degree of alkalin-
ity decreasing with decreasing melt^rock ratio. On the
other hand, a carbonated basaltic andesite (BAC) gener-
ates silica-poor basanites or nephelinitic basanites (as
opposed to more siliceous basanites in volatile-free condi-
tions; Mallik & Dasgupta, 2012) upon partial reactive
crystallization in a peridotitic matrix, and the degree of
alkalinity increases with decreasing melt^rock ratio.
The trend of reacted melt compositions as a function of
melt^rock ratio suggests that similar reactions at lower
melt^rock ratios would result in true nephelinitic melt
compositions. Whereas the reacted melts derived from
ABC at lower melt^rock ratios match the major element
compositions of some oceanic melilitites, the reacted
melts from BAC are excellent matches with oceanic neph-
elinites and transitional basanites in terms of SiO2,
Al2O3, FeO*, CaO, Na2O and CaO/Al2O3. These reacted
melts can either erupt by themselves or act as potential
metasomatic agents in the Earth’s mantle. Our study
underscores the importance of reactive infiltration of
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Fig. 15. Histogram of major element concentrations (oxide wt %) in oceanic and continental melilitites. Bin intervals and sizes are the same for
the two datasets in a single composition vs frequency histogram. Frequency represents the absolute number of data points present in a bin. The
two colored tick marks at the top of each sub-plot (non-black for continental; black for oceanic) represent the median composition of the re-
spective dataset (reported inTable 9). The melilititic melt compositions derived from all ABC-added experiments (Fig. 10) are plotted on each
histogram with dashed black lines, except for the SiO2 frequency plot, where the reacted melt from the 50wt % ABC-added run lies outside
the range of concentrations displayed (towards the lower concentration end).Vectors of change in melt composition owing to olivine fraction-
ation of up to 30wt % are shown by arrows with ticks on them representing10 and 20wt % olivine fractionation.The olivine fractionation cor-
rection is shown for the reacted melt corresponding to the 25% ABC-added run (the same melt composition for which the fractionation
correction is shown in Fig. 12). Data for continental melilitites are from the GEOROC database, Brey (1978), Frey et al. (1978), Dawson et al.
(1995), Hegner et al. (1995), Wilson et al. (1995), Nielsen et al. (1997), Ivanikov et al. (1998), Janney et al. (2002), Schultz et al. (2004) and Melluso
et al. (2011).
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crustal melts into peridotite in the genesis of a wide range
of basaltic compositions. In particular, our experiments
demonstrate that if reactive processes involving MORB-
like crust and peridotite are considered in the presence of
trace CO2, the majority of the major element compos-
itional attributes of silica-poor basalts can be explained.
Reacted carbonated silicate melts in MORB-eclogite^
peridotite systems are reasonable primary magma candi-
dates for both ocean island melilitities^nephelinites^bas-
anites and continental nephelinites^melilitites. Therefore,
the dominant form of heterogeneity in the distal source
regions of ocean island basalts can be silica-saturated
MORB-eclogite (i.e. subducted oceanic crust), and consid-
eration of high-MgO, silica-poor garnet pyroxenite or
eclogite in the generation of alkalic basalts is not neces-
sary. Furthermore, low-MgO eclogite partial melts by
partial reactive crystallization can evolve to high-MgO,
silica-poor magmas at ambient mantle temperatures.
Thus generation of silica-undersaturated alkalic basalts
in intraplate settings does not require excess mantle po-
tential temperatures and such magmas can form along
the periphery of strong plume, in a weak plume, and by
decompression in the ambient mantle caused by small-
scale convection.
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